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Referat:
Die vorliegende Arbeit behandelt die Dispersion von Exziton-Polaritonen in ZnO-
basiertenMikroresonatoren, welche zum einen theoretisch bezüglich der Eigenschaften
der reinen Kavitätsmoden und zum anderen experimentell mittels Photolumineszenz-
Spektroskopie und Reflektionsmessungen untersucht wurden. Dabei wird besonders
auf die Rolle der linearen Polarisation sowie auf die Besetzungder Exziton-Polaritonen-
Zustände eingegangen. Dies ist von Interesse, da diese Mikroresonatoren vielver-
sprechende Kandidaten für die Realisierung eines Exziton-Polariton Kondensates sind,
welches ähnliche Eigenschaften wie das klassische Bose-Einstein Kondensat besitzt.
Die Eigenschaften der Exzitonen-Polaritonen werden durch die der beteiligten unge-
koppelten Exzitonen und Photonen bestimmt. Im Falle der Photonen hängen diese
stark von der linearen Polarisation ab, da es sich bei der ZnO-Kavität um ein optisch
anisotropes Material handelt. Mittels einer entwickelten Näherung für die Berechnung
der Kavitätsmoden, welche die optische Anisotropie der Kavität sowie die endliche
Ausdehnung der Spiegel berücksichtigt, konnte gezeigt werden, dass im Falle der hier
verwendetenZnO-Kavität die optische Anisotropie zu einer Reduktion der Energieauf-
spaltung zw. der s- und p-polarisierten Mode im sichtbaren Spektralbereich führt. Der
allgemeine Fall einer optisch anisotropen Kavität wird ebenfalls diskutiert.
In den untersuchten ZnO-basierten Mikroresonatoren konnte eine starke Wechsel-
wirkung zwischen Exzitonen und Photonen bis zu einer Temperatur von T = 410K
beobachten werden. Dabei wurde eine maximale Kopplungsstärke von 55meV bei
T = 10K ermittelt. Anhand des beobachteten Verlaufs der Dispersion der Exziton-
Polaritonen konnten in einemMikroresonator Hinweise für eine zusätzliche Kopplung
zwischen gebundenen Exzitonen und Photonen gefundenwerden. DesWeiteren zeigte
die Dispersion der Exziton-Polaritonen eine starke Polarisationsabhängigkeit. Eine
maximale Energieaufspaltung des unteren Zweiges für die beiden linearen Polarisa-
tionen von 6meV bei einem starken negativen Detuning von ∆ ≈ −70meV wurde
beobachtet. Es wird gezeigt, dass diese hohe Energieaufspaltung einen großen Einfluss
auf die Besetzung der Zustände der Exziton-Polaritonzweige hat. Unter Verwendung
verschiedener Anregungsleistungen und einer keilartigen Kavität wurde der Einfluss
des Detunings systematisch auf die Besetzung der Exziton-Polaritonzustände unter-
sucht und diskutiert. Es konnte eine Voraussage für den optimalen ∆ - T Bereich für
einemöglicheKondensationgetroffenwerden. Erste Beobachtungen einesKondensates
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Opticalmicroresonators arewidelyused inopto-electronicdevices such as light emitting
diodes (LED) and lasers [1]. They consist of two mirrors (e.g. Bragg reflectors), which
are separated by a spacer, called cavity. Microresonators can strongly enhance the light
matter coupling. Much attention was payed on this aspect in the last decades, since
it is important for the realisation of modern opto-electronic devices and it offers new
physical effects. The coupling can be divided into two regimes, namely the weak and
the strong coupling regime. In the weak coupling regime, the lifetime of the electronic
particles is only changed[2]. This effect is known as Purcell effect and is commonly used
in conventional LEDs and lasers in order to enhance their efficiency. In the other case,
the strong light-matter coupling regime, new particles are formed. These are called
polaritons. The lifetime and the energy of these particles are composed of those of the
involved uncoupled particles.
The strong light-matter coupling between excitons, which are quasi-particles formed
by the Coulomb interaction of electrons and holes, and photons, was firstly described
in the 60s by S. I. Pekar and J. J. Hopfield [3, 4]. This theory was used and extended by
many authors in order to describe the experimentally observed spectra in the vicinity
of the excitation resonance (e.g. Ref. [5–12]).
Of special interest is the strong light-matter coupling between excitons and photons
in confined systems. The photons are confined at least in one dimension and so they
are no massless particles anymore. In one-dimensionally confined microresonators,
the photon mass is about 4 . . . 5 orders of magnitude smaller than the rest mass of
an electron. Since both particles are bosons, the exciton-polaritons can build up a
macroscopic coherent quantum state, similar to a Bose-Einstein condensate [13–15]. In
this work, for simplicity, such a state is denoted as condensate.
The formation of exciton-polaritons in a one-dimensionally confined system was
firstly observed byC.Weisbuch et al. inGaAs-basedmicroresonators [16]. Since that first
publication, the observation of exciton-polaritons in different materials was reported
by many authors, e.g. [17–41]). A further breakthrough in this field was achieved by
J. Kasprzak et al. [42]who firstly observed a condensation of exciton-polaritons in CdTe-
based microresonators at a temperature of 5K. The temperature of the condensate was
hereby determined to be 19K. Later, a condensation of exciton-polaritons was also seen
in GaAs-based [43–45] and GaN-based microresonators [35, 37]. Furthermore, exciton-
polaritons can build up a superfluid which form quantised vortices [46–52]. Beside
the condensation of exciton-polaritons, their spin dynamics were investigated [53–63],
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since new physical effects are based on it such as the optical spin Hall effect [55, 60].
From the technological point of view, exciton-polaritons are interesting, since they
are promising candidates for the realisation of new devices based on the emission of
exciton-polaritons such as ultra low threshold laser and light emitting diodes (LEDs).
The realisation of electrically pumped polariton LEDs was demonstrated by different
groups [64–67]. These LEDs work up to room temperature [67]. An optical amplifier
based on exciton-polaritons was demonstrated by M. Saba et al., working also close to
room temperatures [68, 69].
For the realisationof the strong coupling regimeandand thus the formationof exciton-
polaritons at room temperature and above, an active mediummade of a semiconductor
with an exciton binding energy larger than the thermal energy at RT (≈ 25meV) is
needed. For bulk system, can be for example GaN [35, 37, 70], ZnO [41, 71–74] and
organic semiconductors [24, 75, 76], because excitons are stable at these temperatures.
Therefore, much efforts have been made to realise exciton-polaritons in these systems.
However, up to now a condensation of exciton-polaritons in these materials was only
reported for GaN-based microresonators [35, 37]. Here, ZnO has some advantages
compared to the other materials. It has a large exciton oscillator strength, which leads
to large coupling strengthsbetween excitons and cavity-photons (about two times larger
than in GaN [39]). Furthermore, due to its large exciton binding energy (≈ 60meV) it is
stable at elevated temperatures and the critical temperature at which a BEC of exciton-
polaritons can occur was predicted to be 610K [77].
Recently, the formation of exciton-polaritons in ZnO-based microresonators was ob-
served in planar samples [38, 39, 41, 73, 78–81], where the active medium acts simulta-
neously as cavity. In these microresonators, the large exciton oscillator strength of ZnO
leads to a huge coupling strength and therewith to a large mode splitting up to 160meV
[39], which is about one order of magnitude larger than in GaAs and CdTe-based mi-
croresonators. But it has to be mentioned that the large absorption coefficient of ZnO
in the near band-gap spectral range (the penetration depth of light is similar to the
cavity thickness) dampes the eigenmode of the upper polariton branch [38, 39, 72, 78].
Furthermore, beside the strong coupling between cavity-photons and excitons, an ad-
ditional coupling of excitons and the first Bragg band-edge mode on the lower energy
side was observed in these microresonators [38, 39, 78]. Thereby it was found that the
polariton branch, which is mainly formed by the Bragg band-edge mode, exhibits a
strong bottleneck effect, due to the steep increase of its dispersion, whereas the branch
which is formed by the cavity-photon mode (within the Bragg stop band) does not
suffer from such a strong bottleneck effect [38]. The coupling strength between exci-
tons and cavity-photons was found to be lower than that between the excitons and the
photons of the Bragg band edge mode which was related to a low quality factor of the
microresonator [78]. Further, in ZnO, the valence band splits into three sub-bands due
to the spin orbit and crystal field interaction. Therefore, three ground state excitons
exist which can couple to the cavity-photons. Recently, the coupling of cavity-photons
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with all three ground state excitons was observed by T. Kawase et al. [41]. They found
the largest coupling strength for the coupling with the C-exciton and the lowest one
for the A-exciton. This finding they attribute to a larger exciton oscillator strength of
the C-exciton than of the A-exciton. Beside planar microresonators, exciton-polaritons
were also observed in ZnO nano- and microwires [82–86]. Here the excitons can couple
with Fabry-Pérot modes [82, 84, 85] or with whispering gallery modes [83, 86]. In these
systems the light-matter coupling strength is typically larger than in the correspond-
ing one dimensional confined microresonators due to the reduced mode volume and a
coupling strength of about 80meV was obtained [85].
Although the dispersion of the exciton-polariton in ZnO-based microresonators is
often investigated, the influence of the linear polarisation on the dispersion is usually
neglected. This is of interest since the dispersion of the exciton-polariton mode is dif-
ferent for the two polarisations. The energy difference is known as TE-TM splitting.
The magnitude of the TE-TM splitting has influence on the spin dynamics [62]. Beside
the influence of polarisation on the dispersion, the impact of the design of the microres-
onator, this means the energy difference between the uncoupled excitons and photons
on the occupation of the exciton-polariton branches, is discussed only by numerical
simulations and an optimum design to reach an exciton-polariton condensate at room
temperature was proposed [87]. This design is in contrast to that of GaN-based mi-
croresonators found by R. Butté et al. [88] experimentally, which are comparable to the
ZnO-based ones. Furthermore, the influence of the TE-TM splitting on the occupation
of the exciton-polariton branches was not reported.
The aim of this work is the investigation of the exciton-polariton dispersion in one
dimensionally confined ZnO-based microresonators with emphasis on the influence of
the s- and p-polarisation and the occupation of the polarised polariton branches with
exciton-polaritons. This was done in two parts.
In the first part, the influence of the optical anisotropy of the cavity material on the
cavity-photondispersion andbroadening is investigated. This is of special interest, since
the properties of the uncoupled cavity-photons have a bearing of the properties of the
coupled ones. ZnO is an optically uniaxial material. Therefore, the optical anisotropy
have a strong influence of the cavity-photon mode properties. The knowledge of this
influence on the cavity-photon properties is important for other wide band gap based
microresonators, such as GaN [89], because these materials are optically anisotropic,
too. Since the impact of the optical anisotropy of the cavity material on the cavity-
photon dispersion, such as the orientation of the optical axis and the birefringence,
cannot be studied in a suitable way by using the complete transfer matrix technique, an
approximation for the calculation of the cavity-photonmodedispersion and broadening
was developed. Here, the finite size of the Bragg reflectors and the optical anisotropy of
the cavitymaterial were taken into account. For different orientations and dependingon
the birefringence of the cavitymaterial the cavity-photondispersion is calculated and the
TE-TMsplitting is discussed. Furthermore, this approximationwas successfully applied
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to describe the dispersion behaviour of a ZnO-based microresonator. The photon-
energy of this microresonator is energetically far away from the excitonic resonance so
that a coupling between cavity-photons and excitons is which does not exhibit a strong
coupling regime. This means, for all investigated in-plane wave vectors, the energy of
the cavity-photon mode is far away from the excitonic resonance.
In the second part, the exciton-polaritons were investigated with respect to the
exciton-photon coupling mechanism and the relaxation of the exciton-polaritons into
the ground state. For this purpose an angular resolvedphotoluminescence spectroscopy
and a reflectivity setup was built up. This allows to determine the dispersion of the
exciton-polaritons in a wide range with a high angular or rather momentum resolution.
The experimentally obtained dispersionwas analysed by the approximation developed
in the first part. The coupling strengths, the energy and the broadening of the uncoupled
modeswere determined. This was done as a function of the temperature. From the inte-
grated photoluminescence peak intensity, the occupation of the exciton-polariton states
were deduced. All these measurements were done for the two linear polarisations.
The obtained results indicate, that the presented microresonators are very promising
candidates for the realisation of a exciton-polariton condensate. Since itwas not possible
with the setups available at the Universität Leipzig to achieve such a condensate, the
opportunity to investigate the microresonators at the École polytechnique fédérale de
Lausanne (EPFL) in the group of Prof. N. Grandjean was taken. These experiments
were done by H. Hilmer and exhibit the presence of an exciton-polariton condensate.
Thiswork is embedded in theDFG1-projectGR 1011/20-1with the title “Bose-Einstein-
Kondensation von Exziton-Polaritonen bei Raumtemperatur” (“Bose-Einstein conden-
sation of exciton-polaritons at room temperature”).
The ZnO-based microresonators, which were investigated in this work, were de-
posited by pulsed laser deposition at the Universität Leipzig by Dipl. Phys. H. Hilmer,
who also carried out the atomic force microscopy (AFM) and X-ray diffraction mea-
surements (XRD). The scanning transmission electron microscopy images (STEM)were
done by Dipl. Phys. J. Lenzner whereas Dr. G. Wagner did the transmission electron
microscopy analysis (TEM). All mentioned persons are employed at the Universität
Leipzig.
In this work, the own and contributed publications will be labeled as {S[X]} where X











Th semiconductor ZnO crystallises in a hexagonal wurtzite structure [90, 91]. This
structure is a hexagonal closed packed (hcp) lattice with a diatomic base (Fig. 2.1),
consisting of a Zn atom and of an O atom which is shifted along the c-axis. This shift is










In an ideal wurtzite structure the ratio of the c and a lattice constant is c/a =
√
8/3 and
therewith u = 0.375. For many materials, the parameter u differs slightly from the ideal
value [92]. For ZnO the parameter u was determined to be u ≈ 0.382 [93]. For the
optical response of the material the symmetry of the crystal has a strong effect. Since
the wurtzite structure belongs to the hexagonal crystal system, it has one symmetry
axis which coincides with the c-axis and the structure belongs to the space group P63mc
(C46V) and to the point group 6mm (C
4
6V). The notation in brackets is according to the
Schönflies.
2.1.2. Band structure
The band structure of ZnO, calculated by means of the empirical pseudo-potential
method is shown in Fig. 2.2 [94]. The minimum of the conduction band and the
maximum of the valence band occur at the Γ-point of the Brillouin Zone. Therewith,
ZnO is a direct semiconductor. Due to the spin orbit interaction and the crystal field
interaction the threefold degenerated upper valence band split up into three bands.
These bands are denoted with A, B and C, starting with the one with the highest
energy, i.e. with the related lowest transition energy. Two of these bands have Γ7
symmetry whereas the other one exhibit Γ9 symmetry [90, 95–98]. The C-band exhibit
a Γ7 symmetry. However the symmetry ordering of the upper two bands (Γ9 − Γ7 or
Γ7 − Γ9) is still under debate in the literature. The symmetry of the valence bands has
a strong influence on the optical transition. From group theory it follows, that the







Fig. 2.1.: The unit cell of the ZnO crystal structure. The diatomic base consists of a Zn atom
(red) located at (0,0,0) and O atom (blue) located at (0,0,u)a.
band with Γ7-symmetry is optically forbidden for an electric field perpendicular to the
c-axis.
The fundamental band gap energy (Eg) depends on the temperature and the this
dependence can be described by the Bose-Einstein model [99–101]. It assumes that the
decrease of the bang gap energy is connected to the Bose-Einstein factor for the phonon
absorption and emission. The band gap energy is then given by
Eg(T) = Eg(T = 0K) −
αΘphonon
exp(Θphonon/T) − 1 , (2.2)
with Θphonon being the average phonon energy and α the coupling constant.
2.1.3. Excitons
The Coulomb interaction of an electron with a hole leads to the formation of an exciton.
Since both, electrons and holes are fermions, the excitons are composited bosonic quasi-
particles without charge. In ZnO the excitons are Wannier excitons. This means that
they have a Bohr radius larger than the lattice constant and can propagate through the
whole crystal. For the description of the excitons, the centre of mass motion can be
separated from the relative motion of the involved electron and hole, so that the kinetic





Thereby ~ represents the reduced Planck constant, k the centre of mass wave vector of
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Fig. 2.2.: The bandstructure of ZnO calculated by using the pseudo-potential method. (from
Ref. [94])
the hole mass (mh). Similar to the hydrogen atom, the motion of the electrons and holes







The abbreviation µX = memh/(me + mh), εstat, m0 and Ry represent the reduced exciton
mass, the static dielectric constant, rest mass of the electron and the hydrogen Rydberg
energy. The energy EbX is also known as exciton binding energy of the n-th excited state.
In ZnO the exciton binding energy of the ground state (n = 1) is about 60meV which is
about 2.3 times larger than the thermal energy at room temperature (RT). This means
that excitons in ZnO are stable at RT and can exist. Thereby, the whole formation or
recombination energy of the exciton is given by




with Eg the related band gap energy which is associated to the corresponding electron
and holes. Due to the valence band splitting in ZnO, caused by the spin orbit and crystal
field interaction energy, there are three ground state excitons, denoted accordingly as
A-, B-, C-excitons. Since the relative motion of the electron and the hole of the exciton
is comparable with the one of the hydrogen atom, a Bohr radius can be assigned to the
excitons (aB). In ZnO, the exciton Bohr radius is aB = 1.8nm. Since the energy of the
excitons is connected to the band gap via the exciton binding energy, the temperature
evolution of the exciton energy can be describedbyEq. 2.2 by neglecting the temperature





The optical response of a non magnetic material is determined by its dielectric function
ε (DF). Generally, the DF is a tensor of second order so that in the case of low electrical
field strengths the relation between the electric field (E) and the electric displacement




εi jEi . (2.6)
For nonmagnetic materials this tensor is symmetric, i.e. εi j = ε ji, and therefore it can be
transferred into a diagonal tensor. The total number of independent components of this
diagonal matrix is given by the symmetry of the material: one for optically isotropicist eigentlich
falsch materials (ε = εi), two for optically uniaxial materials (εx = εy = ε⊥ , εz = ε‖) and three
for optically biaxial materials (εx , εy , εz).
Generally, the components of the DF are complex function, i.e. ε = ε1 + iε2. Here,
the real and imaginary parts of the DF are connected by the Kramers-Kronig relations
(KKR). Even for the absence of higher-energy optical transitions in the investigated
spectral range, their contributions to the DF have to be considered in ε1. If optical
transitions are present in the investigated spectral range, the DF can be written as a sum
of all optical transitions [102]. The expressions for optical transitions in semiconductors
are derived e.g. in Ref. [102, 103]. The contribution of the fundamental band-band











with the amplitude A and x = (E + iΓ)/Eg. Γ represents the damping parameter. The
contributions of the excitonic polarisability to the DF can be separated into discrete
excitons and an exciton continuum (unbound excitons). The discrete excitons can be





E2X − E2 − 2iEΓX
. (2.8)
ΓX represents the broadening of the exciton mode. An is proportional to the oscillator
strength of the n-th excited exciton state and therefore the relationshipAn = A1/n3 holds
[95, 104]. For energies larger than Eg, unbound excitons contribute to the dielectric










The contributions of optical transitions, which have an energy larger than the investi-





with A and Epol the amplitude and energy of the pole function.
Connected to the DF is the complex refractive index (n˜ = n + ik), where n is the
refractive index and k is the absorption coefficient. For an isotropicmedium this relation
is given by n˜ =
√
ε. In the special case of a transparentmaterial, i.e. ε2 = 0 and therewith
n =
√
ε1, the refractive index is often described by a Cauchy ansatz:







A, B, and C are the Cauchy parameter and the wavelength λ. For anisotropic materials
the refractive index depends on the propagation properties of the electromagnetic wave
within the material. For these materials the refractive index can be obtained from the
wave equation in the momentum space as discussed in Sec. 4.1.
2.2.2. Transfer matrix technique
The optical response of a stratified layer structure can be described by means of the
Fresnel coefficient [105]. For this purpose, the the complex reflection and transmission
coefficients for each interface and the phase shift of the electromagnetic have to be
calculated. However, this is not very practical. Generally, a transfer matrix technique is
used for the description of the optical response of each layer (e.g. Ref. [105–108]). The
optical response of the whole layer stack is then given by the matrix multiplication. In
the following the transfer matrix formalism developed by D. W. Berreman is used.
If one assume that the plane of incidence is given by the x − z plane and the z-axis is
parallel to the surface normal the tangential components of the electric E and magnetic





































with nx = na sinθ. Here, na is the refractive index of the ambient medium, θ the angle
of incidence and εi j represents the components of the tensor of the DF in the laboratory
coordinate system.
The relation of the in-plane components of the field strengths between two interfaces
of a layer is then given by the integral of Eq. 2.12 which yields
Ξ(z = d) = ei
2pi
λ M∗iΞ(z = 0) =MiΞ(z = 0) . (2.14)
Here,Mi represents the layer matrix of the i-th layer and the matrix for the whole layer
stack is given byMs =
∏N−1
i=0 Mi. For the calculation of the reflection and transmission
coefficients the tangential components of the incident and transmitted electric and
magnetic field vector at the interface of the stack have to be connected with s- and p-
polarized components of the electric field of the incident (transmitted) (+) and reflected















Here, the index i = inc and i = ex denotes the matrix for incident and transmitted
electric field. The resultant transfer matrix (Mt) is then given
Mt =M−1incMsMex . (2.16)
Assuming that no light is incident on the backside of the layer stack (E−
i
= 0), the
reflection r˜ and transmission coefficients t˜ can be calculated by [107, 110]
r˜ss =
Mt,21Mt,33 −Mt,23Mt,31















Mt,11Mt,33 −Mt,13Mt,31 t˜pp =
−Mt,11
Mt,11Mt,33 −Mt,13Mt,31 . (2.17d)
Here, the first index in r˜i j respective t˜i j represents the polarisation of the incident light
and the second one the polarisation of the reflected respective transmitted light.


























































0 1 −1/ [na cos(θ)] 0
0 1 1/ [na cos(θ)] 0
1/ cos(θ) 0 0 1/na




0 0 cosθs 0
1 0 0 0
−ns cosθs 0 0 0
0 0 ns 0
 , (2.20)
with qi = ni cosθi and pi = ni/ cosθi. Here, E denotes the photon energy and ni and θi
the refractive index and propagation angle1 of the electromagnetic wave within the i-th
layer. The substrate is denoted with the index s.
2.3. Microresonators
2.3.1. Bragg reflectors
Besides metallic mirrors, dielectric mirrors are applicable devices in order to achieve
high reflectivity values. The advantage of the dielectric mirrors compared to metal-
lic ones is that the reflectivity value as well as the spectral range at which the high
reflectivity values occur can be adjusted. The simplest case of a dielectric mirror is a
Bragg reflector (BR). A BR consists of a periodic layer stack of two different materials
(Fig. 2.3a). Each layer of the BR has the same optical thickness which is a quarter of the
central wavelength (λc) where reflectivity occurs, i.e.
n1 × d1 = n2 × d2 = λC4 . (2.21)
Here ni is the refractive index and di is the geometrical thickness of the i-th layer.
Due to the design of the BR, in the vicinity of the central wavelength the propagation
of the light within the BR is suppressed. Therefore, the mode density around the central




wavelength is typically very low and the BR can be interpreted as a photonic system
with a photonic band gap. The energy range of the photonic gap is also called Bragg
stop band. The low mode density leads to high reflectivity values (Fig. 2.3b). The
maximum value of the reflectivity as a function of the number of layer pairs (N) as well
as of the difference between the two refractive indexes n1 and n2 and can be calculated
by the transfer matrix technique. For normal incidence, the reflectivity at the central



































for aBRmade of evennumbers (N) and oddnumbers (N+1/2) of layers, respectively [105,
112]. The layer neighbouring the ambient medium is denoted as 1 and the following as
2. ns and na represents the refractive index of the substrate and the ambient material,
respectively, whereas N denotes the integer number of the layer pairs which are used
for the BR. As can be seen from Eq. 2.22, the reflectivity value increases with increasing
number of layer pairs. Furthermore a large difference in the refractive index of the two
materials leads to large reflectivity values even for small N (Fig. 2.3c).
Beside the reflectivity, the phase of the complex reflection coefficient of the BR is
important e.g. for the design of the microresonator (see Fig. 2.3d). In the vicinity
of the central energy (Es) of the BR2 the phase of the complex reflection coefficient is
approximately linear as a function of the photon energy. That means, that the complex





withL being the effective length of the BR3. For a semi-infinite BR (N →∞)L at normal














n1 > n2 (2.24b)
with the layer thicknesses di.
2The central energy denotes the energy within the Bragg stop band where the phase of the complex
reflection coefficient is mpi, with m being an integer.
3In the literature the quantity L/na is often denoted as effective length with n0 being the refractive index
of the surrounding medium of the BR.
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The effective length of the BR L is related to the penetration depth (Lpen) of the
electromagneticwave into theBR. This relation for a semi-infinite BRat normal incidence








Thereby, di and ni denotes the thickness and refractive index of the 2 layers. Furthermore
n1 > n2 is assumed.
2.3.2. Microresonator
If a layer with an optical thickness similar to the half central wavelength of the BR or
to an integral multiple of it, is placed between two BR, a perturbation mode is formed
within the Bragg stop band (Fig. 2.4a). This mode is also known as cavity-photon
mode or as cavity mode and the corresponding layer as cavity layer. Its energy and
broadening are given by the complex poles of the reflection and transmission coefficient
[113, 114], i.e. the solution of
r˜2e2iDE/~c = 1 . (2.26)
Here E denotes the energy of the photons and ~ and c are the reduced Planck constant
and the vacuum velocity of light, respectively. The abbreviationD can be interpreted as
an effective cavity length and is given for an isotropic cavity with the refractive index nC
byD = nCdC cosθC. r˜ represents the complex reflection coefficient of the BR. Inserting
Eq. 2.23 into Eq. 2.26 the energy (EC) and broadening (γC) of the cavity-photon mode




γC = −~c ln
√
R
D +L . (2.27b)
Here, γC represents the full width half maximum (FWHM) of the cavity-photon
mode. Usually the effective length of the BR is much larger than that of the cavity. For
the presented ZnO-based microresonators Li is in the µm range whereas D < 500nm.
Therefore, energy and broadening of the cavity-photonmode are mainly determined by
theproperties of theBR (Fig. 2.5). The energy spacing∆Emode between twoneighbouring






D +L . (2.28)
This energy separation is usually comparable with the energeticwidth of the Bragg stop
band (∆EBSB) [107]




















































Fig. 2.3.: (a) Schematic of a Bragg reflector. (b) The calculated reflectivity spectrum of a Bragg
reflector made of 10.5 layer pairs of YSZ (yttria stabilised zirconia) and Al2O3 at normal
incidence. The reflectivity as a function of the number of layer pairs is shown in (c) for
a Bragg reflector made of even (solid line) and odd number of layers. ∆n represents
the difference in refractive index for the two materials. (d) The phase as a function of














































Fig. 2.4.: (a) Schematic of a microresonator. (b) Reflectivity spectrum of a microresonator at
normal incidence. (c) The dispersion of the cavity-photons as a function of the angle
of incidence.
so that only cavity-photon modes with a small mode number m are observable and for
the conventionally used microresonators only the first mode (m = 1).
For a well designedmicroresonator, this means that the BR as well as the cavity layer
are designed for the same energy. In this case Eq. 2.27 is simplified to










Important quantities of the microresonator are the quality factor (Q) and the finesse



























Fig. 2.5.: The cavity-photon mode energy (a) and broadening (b) as a function of the effective
cavity length. The central energy was set to 2 eV and the reflectivity at the Bragg stop
band to 99%. The vertical dashed line indicates the effective cavity length which fulfils
the resonator condition for a perfectly tuned microresonator (Eq. 2.30).


















pim~c +LEsQ . (2.31b)
Both quantities increase with increasing number of layer pairs. Furthermore, Q is
a measure for the lifetime (τ) of the cavity-photons, since τ ∼ Q holds. Therefore,
much efforts are made in order to increase Q. This can be achieved by an increase
of the reflectivity of the BR by an improvement of the layer interfaces. For planar
microresonators Stanley et al. have reachedQ values up to 10.000 [115]. LargerQ values
are obtained for photonic crystals. Here Q-values larger than 106 can be achieved
[116, 117].
Since the thickness of the cavity layer is in the same order of magnitude as the
wavelength of the cavity-photons, the cavity-photons are confined in one dimension.
This means their wave vector component along the growth direction (k⊥, out-of-plane





with the mode number m (m = 1, 2, . . . ). The in-plane component of the wave vector
(k‖) is not quantised. Due to the quantisation, three characteristic properties of the
cavity-photons can be deduced, which differ from the ones of photons propagating in a
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homogeneousmedium or vacuum. First, the dispersion of the cavity-photon mode can
















Here, neff denotes the effective refractive index which the cavity-photons “feel” (cf.
Fig. 5.3). For large in-plane wave vectors, the dispersion of the cavity-photons becomes
linear. Second, due to the quantisation of the out-of-plane wave vector, the cavity-
photons have a non-zero energy at the ground state which is determined by k⊥ (first
term in Eq. 2.33). Third, due to the parabolic dispersion of the cavity-photons, they
have a non-zero mass, which is about 4 . . . 5 orders of magnitude smaller than the rest
mass of the electron. These properties are important in the strongly coupled system.
In the optical experiments, the cavity-photons are usually observed at a certain angle
of incidence or emission angle (θ). Therefore, this angle has to be connected to the






If the cavity contains an active medium with an electronic system, e.g. excitons [25,
118, 119], these bosonic particles can couple to the photonic states of themicroresonator.
Usually, the coupling can be divided into the regimes: weak coupling and strong
coupling. Crucial for the kind of coupling regime is the lifetime of the involved particles
and the magnitude of the interaction.
2.4.1. Weak coupling regime
In the weak coupling regime (Purcell effect), the lifetime of one of the involved particles
is too short, comparedwith themagnitude of the interaction. Here this particle interacts
with the other one a couple of times before it disappears. Or in other words, the
difference in the lifetime between the two particles is larger than the lifetime. This can
be also expressed by the corresponding broadening for 1D confined microresonator by
[113]
4V < |ΓX − γC| , (2.35)
with ΓX and γC being the homogeneous broadening (FWHM) of the exciton and of
the cavity-photon, respectively and the V the coupling strength. Since the interaction
between these particles is very small, their dispersion is not changed and is nearly the
same as in the uncoupled case. In contrast to the energy, the lifetime of the electronic
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system changes and depends on the photonic mode density. This means, that in the
resonant case where the energies of the particles are equal due to the weak coupling
the, large mode volume leads to an enhancement of the spontaneous emission emission
and therewith to a reduced lifetime. This is known as Purcell effect and the change of




with the the quality factor Q and the mode volume V. Due to the enhancement of the
emission rate this coupling regime is commonly used for LEDs (light emitting diodes)
and photonic laser such as VCSEL (Vertical-Cavity Surface-Emitting Laser). For the
non-resonant case, two systems are energetically separated, the small photonic mode
volume hinders the spontaneous emission and therewith increases the lifetime.
2.4.2. Strong coupling regime
In the strong coupling regime, the lifetime of the particles is large so that they interact
many times with each other and an energy transfer between these particles takes place.
The frequency of this energy transfer is known as Rabi frequency (Ω) and is twice the
coupling strength V. Similar to Eq. 2.35 the condition for the strong coupling regime
can be expressed by [113]
4V > |ΓX − γC| . (2.37)
Due to the energy transfer between the two particles new quasi-particles are formed
which are called polaritons and the uncoupled particles do not exist any more in the
picture of the polaritons. The dispersion of the polaritons exhibits an anti-crossing
(bottom row of Fig. 2.6). Hereby, the branch with the lowest energy is usually called
lower polariton branch (LPB) whereas that one with the highest energy is called upper
polariton branch (UPB). If more than two particles are involved in the coupling more
branches appear and the branches with an energy between the LPB and UPB are called
middle polariton branches (MPB). The coupling can be described by a Hamiltonian
written in matrix form, so that the diagonal elements consist of the energies of the
uncoupled particles and the off-diagonal elements contain the coupling strength Vi.








with Ei and V being the energies of the uncoupled particles and the coupling strength,
respectively. The eigenvalues of this Hamiltonian correspond to the energies of the two
polariton modes.
An important quantity in the strong coupling regime is the difference δ(k‖) between
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Fig. 2.6.: top row: The photonic (red) and excitonic (black) fraction of the lower polariton branch
for a negative (a), zero (b) and positive (c) detuning. bottom row: The dispersion
of the lower (LPB) and upper (UPB) polariton branch (solid lines) as well as of the
corresponding uncoupled modes (dashed lines) for a negative (a), zero (b) and positive
(c) detuning. Thereby, the uncoupled exciton mode is denoted as X and the uncoupled
cavity-photon mode as Cav. The coupling strength was set to be 40meV.
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complementary character of the polaritons from the UPB and LPB, that means whether
the dispersion of the uncoupled particle with an energy E1 dominates the LPB or that of
the uncoupled particle with an energy E2. For δ > 0meV (δ < 0meV) the dispersion of
the LPB is dominated by the particle with an energy E2 (E1) whereas the dispersion of
the UPB is determined by the particle with an energy E1 (E2). In the case of δ = 0meV
both uncoupled particles contribute equally to the LPB andUPB. For zero in-planewave
vector, δ is known as detuning ∆ = δ(k‖ = 0).
Since the polaritons are composited particles, their properties are a mixture of the
corresponding uncoupled ones. The fraction of the uncoupled particle wave functions
to the coupledone, and therewith to theproperties of the coupledparticles is represented












H21 represents the fraction of the uncoupled particles with an energyE1 of the polaritons
of the LPB andH22 the corresponding fraction of the uncoupled particles with an energy
E2. As can be seen,H21 +H22 = 1 holds. For the UPB, the index ofHi have to be changed:
1 → 2 and 2 → 1. At the crossing point of the dispersion curve of the corresponding
uncoupled modes, e.g. E1 = E2, both uncoupled particles contribute equally to the
polaritons of the LPB and UPB. In this case the H21 = H22 = 0.5. Exemplarily for the
coupling between an exciton and a cavity-photon, the squares of theHopfield coefficient
are shown in Fig. 2.6 for different detunings.
2.4.3. Exciton-polaritons
Exciton-polaritons are formed if photons couples stronglywith excitons. The dispersion
of the exciton-polaritons in amicroresonator is exemplarily shown inFig. 2.6 fordifferent
detunings. Thereby, the exciton energy E = 3.31meV is close to exciton energy in ZnO
at RT and the coupling strength V = 40meV was chosen. Important quantities in the
exciton-photon coupling are the exciton oscillator strength ( fosc) as well as the effective
length of the BR and the thickness of the cavity (dC) since they determine themagnitude
of the coupling strength V [113, 121, 122]. For microresonators with a bulk cavity, i.e.




L + dC . (2.40)
For the typically used microresonators, the reported energy range and the coupling
strength are summarised in Tab. 2.1.
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GaAs based NIR (≈ 1.34 eV) 4.4 219 [64]
GaAs based NIR (≈ 1.6 eV) 14 4 [22]
CdTe based NIR (≈ 1.6 eV) 26 4 [23]
CdTe based NIR (≈ 1.6 eV) 6 270 [17]
CuCl based UV (≈ 3.2 eV) 162 300 [36]
ZnSe based VIS (≈ 2.3 eV) 42 10 [26]
GaN based UV (≈ 3.6 eV) 56 300 [37]
ZnO based UV (≈ 3.3 eV) 160* 5 [39]
ZnO based UV (≈ 3.3 eV) 130* RT [39]
ZnO based UV (≈ 3.3 eV) 130* 10 this work
ZnO based UV (≈ 3.3 eV) 90* RT this work




c 4TBPPZna Near-UV 80 RT [20]
PICb Near-UV 80 RT [75]
cyanine dye J-aggregatesc NIR 300 RT [24]
hy
br
id perovskite based UV 230 RT [40]
perovskite based VIS 140 RT [33]
perovskite based VIS (blue) 108 RT [32]




Tab. 2.1.: Comparison of the exciton-photon coupling strength in 1D confined microresonators
for different material systems.
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In the semiclassical treatment of exciton-polaritons, their relaxation properties can
be described by the semi-classical Boltzmann equation. The change of the occupation
numberNk at a state with k‖ is then given by [25, 123]
dNk
dt
= N˙k = Pk − Γk −Nk
∑
k′




Here, Pk represents the excitation density of exciton polaritons from the laser beam,
Γk the decay rate and Wi j represents the scattering rate of the exciton-polaritons state
with a wave vector i into the state with a wave vector j. It has to be mentioned, in
the presence of a exciton-polariton condensate the ground state have to be separated
from the system of equations given by Eq. 2.41 [124]. For the relaxation of hot carriers
into the lower states of LPB two scattering mechanism are important [14, 125, 126]: the
scattering with phonons and the scattering exciton-polariton scattering.
The first one is proportional to the distribution function of the phonons and the
electron-phonon interaction matrix element. The energy exchange during this process
is given by the corresponding phonon energy. This process was found to be very effi-
cient for the relaxation of hot exciton-polaritons into the reservoir of the LPB (Fig. 2.7).
Reservoir denotes the range where the LPB is flat and E > EX(k‖ = 0m−1). For wave
vectors below the reservoir the curvature of the LPB changes. In this range the en-
ergy exchange during the scattering with acoustic phonons is typically in the range of
1meV, since energy and momentum have to be conserved during the scattering pro-
cess, and the relaxation time for one scattering process is about 10ps [25]. Therefore,
many relaxation processes with optical phonons are necessary in order to overcome
this range. However, the lifetime of the exciton-polaritons in this region is about one
order of magnitude larger and therefore the exciton-polariton decays before they reach
the ground state. Furthermore, this decay is supported by the fact, that the lifetime
of the exciton-polaritons near the ground state is mainly determined by the photonic
one which is typically a few ps. Since the change of the LPB dispersion hinders the
relaxation into the ground state, this is region typically denoted as bottleneck region.
Note, that optical phonons have typically an energy (≈ 75meV in ZnO) which is larger
than the energy difference of LPB energy at k = 0m−1 and EX(k = 0m−1) so that the
direct scattering by optical phonons into the ground state is not possible.
The other important process is the exciton-polariton scattering. This scattering rate
is proportional to the exciton-exciton interaction matrix and to the distribution func-
tion of the exciton-polaritons and further it depends on the energy and momentum
of the two involved particles [25]. The exchange energy of this scattering process
is usually in the order of some meV so that a direct scattering of exciton-polaritons
from the bottleneck region is possible. Since this scattering rate is proportional to the
exciton-polariton distribution function, the probability for this scattering increases with

























in-plane wave vector (107 m−1)
Fig. 2.7.: Schematic of the relaxations process of the exciton-polaritons. The "hot" exciton-
polaritons and those of the higher polariton branches relax very fast into the reservoir
and the bottleneck region (denoted by "BOR" and highlighted in blue).
large excitation densities. It has to be considered, that an upper limit for the exciton-





where aB represents the exciton Bohr radius. At this density, repulsive interaction
between electrons and holes of the exciton-polaritons becomes dominant. For ZnO a
value of 4.3 × 1012 cm−2 is obtained. This is about one order of magnitude smaller than
the Mott density (nMott ≈ 1.1 × 1013 cm−2) [90].
Beside the increase of exciton-polariton scattering by increasing the exciton-polariton
density, an enhancement of the scattering rate into ground state can be also achieved by
increasing the temperature as it was shown theoretically by F. Tassone and Y. Yamamoto
[126]. They used the material properties of GaAs. For small temperatures T < 15K
they found a strong increase of the scattering rate saturating for higher temperatures.
Another efficient scattering mechanism into the ground state is the scattering with a
free electron gas as shown by G. Malpuech et al. [128] by numerical simulations.
In an infinite 2D system, a condensate of exciton-polaritons which follows the Bose-
Einstein statistic cannot exist. However, due to finite size of the microresonator and
the finite spot size in photoluminescence measurements, which determines the area
where exciton-polaritons are formed, a exciton-polariton condensate is possible andwas
already observed [35, 37, 42–45]. The density of exciton-polaritons, which is necessary
to build up an exciton-polariton condensate can be roughly estimated from the thermal
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with the exciton-polariton mass mLP, the Boltzmann constant kb and the temperature
T. In order to reach a condensation of exciton-polaritons, their mean distance must be
smaller than the λdB, i.e.
ncrit × λddB ≥ 2.61 , (2.44)
where d represents the dimension. Above this critical density, all exciton-polaritons





The ZnO-based microresonators consist of a ZnO-cavity with a thickness of a half
medium wavelength, which act simultaneously as active medium. The usage of the
cavity material as active medium has the advantage, that the entire electric field of the
electro-magnetic wave within the cavity can couple to the excitons. Therefore larger
coupling strengths are expected compared to cavities with quantum wells as active
medium. Here, two different designs of the cavity were chosen: a planar homogeneous
cavity and a wedge-shaped cavity. The first reveals a relatively high spatial homogene-
ity, whereas the last one allows to change the cavity-photon energy and therewith the
detuning of the microresonator by the spatial position on the sample. In the following
the microresonators with the planar homogeneous cavity are denoted by uvPR and
visPR depending on the spectral range for which the microresonators were designed
(ultra violet: uv; visible: vis). The microresonator with the wedge-shape cavity is
denoted byWR.
The cavitywas embeddedbetween twoBR. Since, for ZnOno epitaxial semiconductor
systems are available until now, which can be used for the preparation of the BR, the
oxide materials yttria stabilised zirconia (YSZ) and alumina (Al2O3) were chosen for
the BR. On the one hand these oxide materials can be deposited easily by pulsed laser
deposition (PLD), and on the other hand they yield a large difference in the refractive
index (∆n ≈ 0.5 at E = 3.3 eV) so that a small number of layer pairs (N) is sufficient
in order to achieve high reflectivity values of the Bragg reflector. Here odd number
of layers were used and the first layer on top of the substrate as well as the layer
neighbouring the cavity was made of YSZ-layer. This is because, on the one hand, it has
to be taken into account that the refractive index of the deposited Al2O3-layer is similar
to that of sapphire substrate. That means that the refractive index of the substrate and
the Al2O3-layers are similar. Therefore, the electromagnetic wave will not “feel” this
interface and only a small part of the electromagnetic wave is reflected at this interface.
However, if the YSZ-layer is deposited, the same change of the refractive index aswithin
the BR occurs at the substrate interface. On the other hand, the top layer of the BRmust
be YSZ in order to avoid diffusion of aluminium atoms into the ZnO-cavity. Such a
diffusion was seen even for ZnO thin films deposited on sapphire substrates [129, 130]
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{S[131]}. This diffusion can lead to an accumulation of aluminium atoms at the interface-
near region and this would cause a change of the corresponding optical properties. This
means, the desired sharp change of the refractive index at the interface gets smoother,
which would be a disadvantage for the phase and the interference condition of the
electromagnetic wave within the microresonator.
For the investigation of the pure cavity-photon dispersion, a microresonator of visPR
type in the so-called uncoupled regime was used. The term “uncoupled” means here
that the excitons do not interact with the cavity-photons due to the large energy separa-
tion between the two particles. For this, themicroresonator was designed for the visible
(VIS) spectral range for all investigated in-plane wave vectors and the cavity-photon
mode energy EC ≈ 1.9 eV was chosen for zero in-plane wave vector. This ensures that
the energy of the cavity-photons are energetically far away from the exciton resonance
for all investigated in-plane wave vectors. The corresponding geometric layer thick-
nesses for the BR are about 75nm and 95nm for the YSZ- and Al2O3-layer, respectively
(according to Eq. 2.21). In order to reach a sufficiently large lifetime of the cavity-
photons, both BR were made of 12.5 layer pairs. The thickness of the cavity layer is
chosen to be dC ≈ 160nm (according to Eq. 2.30).
For the strong coupling regime two ZnO-based microresonators for the ultraviolet
spectral range were prepared: one with a wedge-shaped cavity (WR ) and another one
with a planar homogeneous cavity (uvPR ). The WR allows to adjust the detuning by
the lateral position of the light spot on the microresonator. This is important in order
to investigate the relaxation properties of the microresonator in dependence on the de-
tuning for a given temperature. Therefore, the microresonator was designed in such
way, that at T = 10K a negative detuning as well as a positive detuning can be adjusted
and the thickness of the cavity varies between 75nm and 95nm. For the investigation
of the maximum temperature at which the strong coupling is present in these microres-
onators, the microresonator uvPR was designed to be in the large negative detuning
regime (∆ ≈ 65meV) at T = 10K, which leads to a cavity thickness in the order of 75 nm.
Therefore, the microresonator exhibits a negative detuning even at elevated tempera-
tures and the LPB is mainly determined by the cavity-photon dispersion and the change
in the LPB dispersion (from a photonic one to an excitonic one) can be well observed at
these temperatures. Furthermore, the negative detuning partly compensates the large
broadening of the exciton mode as well as the low quantum efficiency of the exciton.
The broadening of the exciton increases with increasing temperature whereas for the
quantum efficiency the opposite is the case. This will hinder the observation of the LPB
especially for large in-plane wave vectors.
For the microresonators WR and uvPR the thicknesses of the YSZ and Al2O3-layers
within the BR are in the range 40nm and 50nm, respectively. This is smaller than that
of the corresponding thickness within the BR of themicroresonator visPR and is caused
by the larger central energy of the two BR used for the microresonatorsWR and uvPR.
The lower cavity thickness of the microresonators WR and uvPR leads to a smaller
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surface roughness (Fig. 3.1). Therefore, it was found that a slightly smaller number of
layer pairs for the BR is sufficient in order to reach a large lifetime of the cavity-photons.
In this case, a set of 10.5 layer pairs of YSZ and Al2O3 was used.
3.1.2. Sample Growth
All microresonator structures were grown by pulsed laser deposition (PLD) on c-plane
oriented sapphire substrates1 at the Universität Leipzig by H. Hilmer. In the PLD
process a target is irradiated by a focused pulsed laser beam of a KrF-excimer laser
with a wavelength of 248nm and a pulse length of 25 ns. The high excitation density of
about 2 J/cm2 causes an ablation of the target material due to the high energy transfer
from the laser beam into the target. Thereby a plasma is formed which propagates
to the substrate mounted vis-à-vis to the target. In order to enhance the mobility of
the particles on the surface of the substrate, the substrate is heated. Furthermore, it
is rotated during the PLD process to ensure a homogeneous layer thickness except for
the deposition of the wedge-shaped cavity where a gradient of the thickness is desired.
During the deposition of the layers a background pressure was adjusted for each layer.
In the used PLD setup, the background pressure is given by the oxygen partial pressure.
The PLD process is a highly non-steady-state process which makes the physical
description of each single step difficult. However, some qualitative statements are
possible. If the background pressure is too large, the scattering of the plasma with the
atoms of the background gas is too large so that the main part of the plasma will not
reach the substrate. On the other hand, if the partial pressure is too low, themomentum
of the plasma at the substrate is too high, i.e. the plasma is not (or poorly) deposited on
the substrate and a “resputtering” of already deposited atoms can occur. The substrate
temperature determines the stability of the deposited ions on the substrate surface.
For a high substrate temperature the diffusion on the surface is facilitated so that the
deposited ions can easily overcome steps formed on the already deposited layer. This
will ensure that a homogeneous film is formed. However, a substrate temperature will
support the desorption of the arrived particles. Therefore an optimumof oxygen partial
pressure and temperature have to be found.
The optimum strategy for the growth of the microresonator was developed by J. Sell-
mann and H. Hilmer [132, 133] {S[134]}. Thereby, a repetition rate of the KrF-excimer
laser 15Hz and 5Hzwas used for the deposition Braggmaterials and ZnO, respectively.
In the case of the BR an optimum oxygen partial pressure (pO2 ) of pO2 = 2 × 10−2mbar
and pO2 = 2 × 10−3mbar for the deposition of the YSZ- and Al2O3-layer, respectively
and the substrate temperature (Ts) of T = 650◦C for both materials was used.
For the deposition of the ZnO-cavity smooth interfaces, i.e. small surface roughness,
and a large exciton oscillator strength are desired. The first condition is necessary




for a high cavity-photon lifetime, whereas the second one ensures a large exciton life-
time. However, both conditions cannot be fulfilled simultaneously. A smooth surface
was found for low substrate temperature. With increasing substrate temperature the
roughness increases, whereas the observed peak intensity for the D0X in the photo-
luminescence spectrum increases. Therefore, two approaches were used. On the one
hand, for the deposition of the planar microresonator a trade-off between large exciton
and cavity-photon lifetime was chosen so that pO2 = 2 × 10−3mbar and Ts = 650◦C.
On the other hand, it is known that the electronic properties of ZnO thin films can be
improved by annealing [90]. Therefore, the wedge-shaped cavity was deposited at low
substrate temperature (Ts = 150◦C) in order to ensure a smooth surface. To avoid a
change of the ZnO surface during the annealing process, on top of the ZnO-cavity a
YSZ layer was deposited. This structure was annealed at T = 900◦C for 30min in an
O2 atmosphere (pO2 = 700mbar). The growth conditions for the microresonators are
summarized in Tab. 3.1. It should bementioned, that, independently of the choice of the
two approaches for the deposition of the cavity layer, the ZnO-cavity is preferentially
c-plane oriented due to the columnar growth which is typical for ZnO [135, 136]. X-ray
diffraction measurements and transmission electron microscopy yields, that the c-axis
of the grain boundaries are slightly tilt against the surface normal (0◦ − 5◦ statistically
distributed). Since this tilt is statistically distributed, the effective optical axis is parallel
to the surface normal.
A scanning transmission electron microscopy (STEM) image of the cross-section of
the microresonators uvPR and visPR is shown in Fig. 3.1. It reveals that the layers are
free of inclusions or droplets. However, a difference between the two microresonators
can be seen at the interface. For the microresonator uvPR smooth planar interfaces are
obtained whereas for the microresonator visPR a large thickness variation of the ZnO-
cavity is observed. The enhanced interface roughness can be attributed to the larger
cavity thickness which leads to an increase of the surface roughness of the ZnO-cavity.
This is also confirmedby atomic forcemicroscopy (AFM) (Fig. 3.1)which yields a surface
roughness Rrms ≈ 3.1nm and Rrms ≈ 6.6nm of the ZnO-cavity of the microresonators
uvPR and visPR, respectively. Here, the ZnO-cavity was investigated before the top BR
was deposited. The surface roughness of the ZnO-cavity for the microresonator WR
was determined to be Rrms ≈ 1.9nm so that a smooth interface layer as obtained for
sample visPR is expected.
3.2. Angular resolved optical spectroscopy
The microresonators were investigated by optical spectroscopy. For the determination
of the dispersion of the exciton-polariton branches, an angular resolved photolumines-
cence spectroscopy and reflectivity (AROSE) setup was built up in the frame of the
present work. The main part of this setup is a goniometer as can be seen in Fig. 3.2.
30













































Fig. 3.1.: Scanning transmission electron microscopy (STEM) image of the cross-section of the
microresonator uvPR (a) and visPR (b). Atomic force microscopy (AFM) image of
the ZnO-cavity of the microresonator uvPR (c) and visPR (d) before the top BR was
deposited. (The STEM measurements were performed by Dipl. Phys. J. Lenzner and
the AFM measurements were made by Dipl. Phys. H. Hilmer.)
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sample No S1064 S1189 S1289
cavity-shape planar wedge planar
detuning @ T = 10K (meV) −60 −70 . . . 50 −
designed spectral range UV UV VIS










Ts (◦C) 650 150 650
pO3 (10






Ts (◦C) 650 650 650
pO2 (10
−2 mbar) YSZ 2 2 2
pO2 (10
−2 mbar) Al2O3 0.2 0.2 0.2
Tab. 3.1.: Overview of the investigated microresonators and their growth conditions. The sample
No denotes the label of the sample during PLD process. The cavity-shape planar
means, that the cavity layer does not exhibit an intentional thickness gradient.
Spectroscopic ellipsometry (SE) was used in order to determine the refractive index of
the used materials.
3.2.1. Photoluminescence spectroscopy
For the PL spectroscopy a cw-HeCd laser with a wavelength λ = 325nm was used
and focused by a lens ( f = 300mm) on the microresonator. In order to investigate
the properties of the microresonator in a wide temperature range, was mounted in a
cryostat (T = 10K . . . 290K) or on a hot plate (T = 290K . . . 550K)2 which can be moved
in three spatial directions. This allows to adjust the position of the spatial position of
the spot as well as the focus on the microresonator. In the present form of the setup, the
focus is adjusted by hand and an automatic scan of the position on the microresonator
is possible. The emitted light is collected and parallelised by a lens ( f = 300mm,
solid angle ≈ 1 × 10−3 sr) and passes the analyser before it is coupled into the fibre
2During this work, the cryostat was replaced by a new version which allows to adjust the temperature in
the range of 10K . . . 475K
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(∅ = 600µm). The lens which collects the emitted light, the analyser and the collimator
which couples to light into the detection fibre, are mounted on the goniometer arm
which enables to detect the emitted photons in dependence on the emission angle. The
fibre guides the light to the spectrometer (focal length 320mm) equipped with a charge
coupled device camera (CCD). The power of the laser was controlled using a photo
diode (PD) which can be moved into the laser beam in front of the sample. If the
cryostat is used, one has to consider that the laser beam is partially reflected due to
the cryostat window, which reduces the power of the laser beam on the sample. This
reduction is approximately 10% for the angle of incidence of 20◦.
For the excitation path three different designs are used. The first two are based on the
usage of an optical fibre (∅ = 600µm), i.e. the laser is coupled into thefibrewhich guides
the laser light to the goniometer. The laser light coming out of the fibre is parallelised by
a lens ( f = 300mm). In the first design, the excitation optics of the setup was mounted
on an additional arm of the goniometer so that the excitation and emission are in the
same plane. The advantage of this design is that the in-plane wave vector of the excited
and the emitted exciton-polaritons are parallel to each other. However, the disadvantage
is that the excitation angle has to be changed during the measurement in order to avoid
the detection of the reflected laser light, i.e. two different angles of excitation (θE) were
used: θE = 30◦ for emission angles of θ ≤ 14◦ and θE = 0◦ for emission angles larger
θ ≥ 16◦. For different angles, the energy transfer into the sample is changed and so this
design can be used only for the investigation of the exciton-polariton dispersion but not
for the occupation of the LPB. To overcome this disadvantage, the setup was slightly
modified and an additional excitation path was realized. In this setup the excitation is
performed out of the plane of detection fixed at a certain angle. Here, for all angles of
emission the same excitation conditions are ensured. The excitation angle is adjusted
manually accordingly to the individual properties of each microresonator in order to
ensure a high energy transfer into the sample. For the microresonator WR, where the
occupation of the LPB was investigated, an excitation angle of about θE = 20◦ was
chosen, so that the excitation is performed in the first high-energy Bragg band edge
mode of the microresonator. For the investigation of the occupation of the LPB as a
function of the excitation power, the optical fibre of the excitation path was removed in
order to avoid losses by the optical fibre even if high excitation densities are needed.
The excitation pathwas now realized by highly reflective mirrors (R > 99%) as depicted
in Fig. 3.2b.
It has to be mentioned, that the recorded PL intensity is determined by the intensity
of the emitted light of the sample and by the spectral characteristic of the experimental
setup. These characteristics depend slightly on the emission angle, the detection po-
larisation and they are slightly different for each measurement session. Therefore, the
obtained PL intensities have to be normalized to that of a reference sample for each
polarisation. In this work a c-plane oriented ZnO bulk single crystal was chosen for











































from the HeCd laser
Fig. 3.2.: (a) Schematic of the photoluminescence and reflectivity setup which was used for
the investigation of the exciton-polariton dispersion. The angle of the excitation (E1)
and detection (D) arm can be controlled by a goniometer whereas the angle of the
excitation (E2) is set manually out of the detection plane. In contrast to the other
arms, the detection arm has a linear analyzer in order to determine the polarisation
state of the light. (b) Schematic of the setup used for the investigation of the lower
polariton branch occupation as a function of the excitation density. (c) Photographic
image of the setup.
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branch of the microresonators in this work.
3.2.2. Reflectivity measurements
For the reflectivity measurements the same setup as for the PL measurements was used
(design 1, Fig. 3.2a), but the laser was replaced by a Deuterium lamp (30W) or a Xenon
lamp (75W). Due to the design of the setup, the smallest angle of incidence which can
be adjusted is ≈ 5.5◦. Similar to the recorded PL spectra, the recorded reflected light
is influenced by the spectral characteristic of the setup. Additionally, the intensity of
the lamp varies spectrally so that the recorded spectra have to be normalized using a





Isample and IRef denote the recorded intensity reflected by the sample and the reference,
respectively, whereas RRef denotes the reflectivity of the reference sample. During the
buildup and refinement of the AROSE setup and various test of different measurement
strategies, an almost perfect method for the normalisation of the recorded reflectiv-
ity spectra was developed. For the earliest reflectivity measurements (microresonator
uvPR ) an aluminiummirror was used as a reference and its reflectivity was determined
by spectroscopic ellipsometry by R. Schmidt-Grund. For the determination of the reflec-
tivity spectrum of the sample according to Eq. 3.2, it was assumed that the reflectivity
of the mirror depends slightly on the angle of incidence. The reference spectrum was
recorded at the angle of incidence θ = 6◦. However, the obtained reflectivity spectra
are noisy, especially in the range of the Bragg stop band, so that the procedure was
improved: The reference sample was replaced by a silicon bulk single crystal with a
thermal oxide layer dSiO2 ≈ 13nm. The thickness of the oxide was determined by spec-
troscopic ellipsometry. Due to the thick thermal oxide layer a further oxidation of the
sample is prevented and therefore a change of the reflectivity of the sample with time
is negligible. The reflectivity value of this sample is then calculated by a 2 layer model
(Si substrate and SiO2) using a 2 × 2 transfer matrix technique [105]. Here, the same
DF as for the SE analysis was used [137]. The reference spectrum is measured at room
temperature, since the intensity spectrum of the lamp as well as non-idealities of the
setup can be assumed to be independent of the temperature. Furthermore, the reference
spectrumwas measured for each optical polarisation and for all angles of incidence for
which the reflectivity of the microresonator was measured. A non-ideality of the setup
is for example the displacement of the light beam on the sample with increasing angle
of incidence due to the beam displacement by the thick cryostat window and the in-
creasing spot diameter on the sample. With the improved procedure named before, the
noise in the obtained reflectivity spectrumwas significantly reduced. For the reflectivity




Spectroscopic ellipsometry is a powerful tool in order to determine the thickness and
dielectric function of the layers of a sample [110, 111]. With this method the change
of the polarisation state of an incoming light beam after reflection or transmission is
measured. If there is no conversion of p-polarised to s-polarised light or vice versa,
the change is related to the ratio of the complex reflection coefficients r˜p and r˜s and is
expressed by the ellipsometric parametersΨ and ∆ [110, 111, 138]
r˜p
r˜s
= tanΨei∆ . (3.2)
The indices p and s represent the polarization parallel and perpendicular to the plane
of incidence. For an optically semi-infinite bulk like sample without a surface layer
the dielectric function can be extracted straight forward from the experimental spectra.
However, in all other cases the spectra have to bemodelled by a layer structure including
the corresponding material dielectric functions in order to extract the layer thicknesses
and the dielectric functions of the layer.
The commercial ellipsometer WVASE32 R© (J. A. Woollam company) was used in the
presentwork. The light of a Xenon lamp (75W) passes amonochromator and is coupled
to an optical fibre which guides the light to the polarizer and compensator. Before the
light passes polarizer and analyzer it is parallelised. After reflection at the sample
surface, the polarisation is analysed by a rotating linear analyzer and detected by a
semiconductor tandem detector (front Si, back InGaAs). The sample can be mounted
into a cryostat (T = 10K . . . 500K) or on a hot plate (T = 290K . . . 550K). If the cryostat
is used, the angle of incidence is limited to 70◦ due to the cryostat geometry.
3.3. Dielectric functions of the used materials
3.3.1. Alumina and yttria stabilised zirconia
The room temperature (RT) refractive index spectra of the materials of the BR were
determined by SE within the diploma theses of J. Sellmann and H. Hilmer at the Uni-
versity Leipzig [132, 133]. Since both materials are transparent in the spectral range
[139, 140], the dispersion of the refractive index can be described by a Cauchy model
(Eq. 2.11). The refractive index of both materials was determined on films which have
a slightly larger thickness3 compared to that one used for the BR. In order to reduce
the strong parameter correlation in the fit procedure between the layer thickness and
the refractive index a set of single and multilayer structures (0.5, 1 and 1.5 layer pairs
3The thickness is about 2 . . . 2.5 times larger than that used for themicroresonatordesigned forUV spectral
range [133]. This is necessary in order to enable a precise determination of the refractive index.
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A B C
(10−2µm2) (10−4µm4)
Al2O3 1.70 0.57 0.00
YSZ 2.14 1.48 6.16
YSZ (2nd layer) 2.13 1.45 6.24
Tab. 3.2.: Cauchy parameters for the refractive index dispersion for the alumina (Al2O3) and

















Fig. 3.3.: The refractive index of (a) alumina (Al2O3) and (b) yttria stabilised zirconia (YSZ).
of YSZ and Al2O3) was used and all samples were analysed simultaneously [132, 133].
It was found that the refractive index of the first YSZ layer (the layer on the substrate)
differs slightly from that of the following YSZ layers which reveal the same refractive
index throughout the whole layer stack. In Tab. 3.2 the obtained parameters are shown
for both materials. The dispersion of the refractive index is shown in Fig. 3.3.
Low temperature SE measurements have shown a very weak temperature depen-
dence of the refractive index of the BR materials. The small layer thickness of the
investigated samples makes it difficult to determine the accurate temperature depen-
dence of the refractive index for bothmaterials, since themultiple reflection interferences
caused by the layer thickness are not observable. A further complication is given by
the fact, that the ellipsometry spectra at low temperatures (T < 290K) can only be
obtained for an angle of incidence of 70◦. Therefore, the change of the refractive index
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of YSZ and Al2O3 was estimated from the ellipsometry spectra of a BR made of 10.5
layer pairs of YSZ and Al2O3. Here, a change of the central energy (Es) of the BR
∆E = Es(T = 410K)−Es(T = 10K) ≈ 12meV was observed. From this, the change of the
refractive index can be estimated to be ∆n/∆T ≈ 1 × 10−5 K−1 for both materials.
3.3.2. ZnO
The room temperature DF of ZnO has been widely investigated in the last years and
different approaches for the description of the DF have been suggested [104, 141–
147]. Within the semiconductor physic group at the Universität Leipzig the DF of ZnO
was described by an approach based on the model suggested by H. Yoshikawa and
S. Adachi [104]. It allows to describe the experimentally observed ellipsometry spectra
very well [148–150] S{[151–153]}. In the present work the DF of ZnO is described by a
superposition of contribution of the band-band transitions (Eq. 2.7), discrete excitonic
states (Eq. 2.8), exciton continuum (Eq. 2.9) and a pole function (Eq. 2.10). It has to be
mentioned that the DF of the ZnO-cavity cannot be determined on a single film, since
the DF in the band gap near spectral range depends strongly on the crystal structure
and therewith on the underlying layer.
In the case of the ZnO-cavity, the small layer thickness as well as the small optical
contrast between the ZnO layer and the BR made a determination of the DF difficult.
In the recorded SE spectra the transparent region is mainly determined by the BR.
This leads to a large uncertainty in the determined DF and layer thickness. Within the
absorption range the large uncertainty of the layer thickness is also a disadvantage.
On the one hand the beginning of the absorption cannot be determined very accurate,
which prevents the precise description of the DF in the band gap near spectral range.
On the other hand, there is a strong correlation between the optical properties of the
ZnO-cavity and its surface layer. Using a thicker ZnO-layer on top of the BR could
avoid this disadvantage. However, by using a thicker ZnO-layer, the crystal structure
will probably change with increasing thickness and the optical properties for such a
thick ZnO thin film may not be comparable to those of the ZnO cavity. Such a change
of the optical properties with increasing thickness was already observed for ZnO thin
films deposited on sapphire substrates [145] {S[151]}. It was found that a ZnO thin
film deposited on a multilayer structure of 2.5 layer pairs of YSZ and Al2O3 reveals
similar crystal structure properties as one grown on top of a BR, if the same growth
conditions are used [133]. Hence, the BR was replaced by the multilayer structure for
the determination of the DF. In doing so, the contribution caused by the underlying
BR can be reduced, which allows the determination of the DF of the ZnO thin film.
Exemplarily the dielectric function of ZnO is shown in Fig. 3.4 for a temperature of
T = 290K.
For the calculation of theuncoupled cavity-photonmode in the bandgapnear spectral
range, one has to consider that the excitonic contributions have to be removed in order
38
















Fig. 3.4.: Dielectric function (ε⊥) of the ZnO-cavity at room temperature with (solid lines) and
without excitonic contributions (dashed lines) at T = 290K.
to avoid coupling effects between the free excitons and the cavity-photons. Otherwise,
the excitonic resonance structure in the DF spectrum would cause strongly coupled
modes in the complex reflectivity spectra just by solving the Maxwell equation. In the
decomposition procedure of removing the excitonic contributions it is assumed that the
unbound excitons couple partially to the cavity-photons, so that only their contribution
near the fundamental band gap was removed. This was done practically by removing
the contribution of the excitonic continua and discrete excitons in the band gap near
spectral range. The contribution of the excitonic continua to the DF for larger energies
(E ≈ 4 eV) was then described by an enhancement of the contribution of the band-
band transition and the amplitude of the pole function. This can be related to the fact
that there is a strong correlation between the amplitude of the band-band transition
and the excitonic continua for large energies. The resulting DF without the excitonic
contribution is shown in Fig. 3.4 at room temperature.
Another method for the determination of the DF of the ZnO-cavity without excitonic
contribution was performed by F. Médard [80, 154]. Here the DF in the spectral range
was described by a Sellmeier approach and for the high energy side of the DF, a constant
value for the real and imaginary parts was assumed. Furthermore, a sigmoidal shaped
function, centred at the band gap energy, was assumed to describe the change of the
imaginary part of the DF in this region. Using these assumptions, the DF in the band
near gap spectral range was calculated using the KKR. The obtained DF is similar to
that obtained by the above described method. However, it should be mentioned that
the refractive index obtained by F. Médard is slightly larger than the index, which is
obtained for the ZnO-cavity here. Responsible for this might be the differences in the








4. Cavity and Bragg reflector properties
The dispersion of the cavity-photonmode and its corresponding broadening can be cal-
culated using the transfermatrix technique presented in Sec. 2.2.2. However, this is very
unhandy since the complex poles of the reflection and transmission coefficients have
to be solved numerically and the influence of the physical properties of the involved
constituents on the cavity-photon energy cannot be studied verywell. These drawbacks
can be avoided by using a numerical approach for the calculation of the cavity-photon
mode energy and broadening as a function of the in-plane wave vector. For isotropic
microresonators which consist of a semi-infinite BR (N → ∞), i.e. its reflectivity value
is close to 100% and its geometrical length is larger than the penetration depth of the
electromagnetic wave into the BR, G. Panzarini et al. [112] presented a numerical ap-
proximation for the cavity-photonmode energy and broadening. Since ZnO is optically
anisotropic this approximation cannot be applied and an approach for the calculation
of the cavity-photon mode is presented in this chapter which takes into account the
optical anisotropy of the cavity. Furthermore, the finite size of the BR is taken into ac-
count. The finite size of the BR causes that the two BR differ in their effective length and
reflectivity, since for the bottom BR the surrounding materials are the cavity substrate
and the substrate of the microresonator and for the top BR the cavity and void. Solving
Eq. 2.26, the energy and broadening of the cavity-photon mode is given by
EC =
2pim~c +LtEst +LbEsb
2D +Lt +Lb (4.1a)
γC = − 2~c ln
√
RtRb
2D +Lt +Lb . (4.1b)
The indices t and b denote top and bottom BR, respectively.
4.1. Effective cavity length
For the calculation of the effective cavity length for an electromagnetic wave which
propagates in the ambient medium of the microresonator, the corresponding propaga-
tion direction, velocity and polarisation within the cavity have to be determined. These
quantities can be easily obtained if one considers that the in-plane components are con-
served at the interface and therefore the BR does not influence these quantities. This
means, a single interface (cavity-ambient material) is sufficient for the determination of
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these quantities and the solution of this problem can be found inmany optics textbooks,
such as [105, 107, 155]. Nevertheless, for the sake of completeness, the calculation is
shortly sketched in this section.
For an optically isotropic cavity material the effective cavity length is degenerated
for the two linear polarisations, namely the s- and p-polarisation. Here, s-polarisation
means that the electric field strength is perpendicular to the plane of propagation and
parallel for p-polarisation. This is related to the fact, that the refractive index (nC) and the
propagation angle (θC) of the electromagnetic wave within the cavity are independent
of the polarisation. Therefore, the effective length of a cavity with thickness dC is given
by








with na the refractive index of the ambient medium of the microresonator and θ the
propagation angle of the electromagnetic wave in this ambient medium. However, for
optically anisotropic cavities the situation is changed and the degeneracy of the effective
cavity length for the twopolarisations is lifted. In these cavities twowaves canpropagate
with the same energy but different propagation velocities, propagation directions and
polarisations. The polarisation is a linear combination of the s- and p-polarisation.
This means, the direction of the electric field strength can be decomposed in a part
perpendicular and parallel to the plane of incidence. The propagation properties of the
electromagneticwavewithin the cavity can be directly obtained from thewave equation
in the momentum space [107]. Therefore, the dielectric tensor has to be transformed
by means of the Euler angles [156] in such a way, that its principle axes coincide with
the laboratory coordinate system. The axes of the laboratory coordinate system were
chosen such that the electromagnetic wave propagates within the xz-plane (Fig. 4.1).
Considering the in-plane wave vector k = E/(~c)n, with E being the energy of the
electromagnetic wave, the wave equation in momentum space is given by
εxx − n2z εxy εxz + nxnz
εxy εyy − n2x − n2z εyz






 = 0 , (4.3)
with Ei representing the components of the electric field strength vector. The propa-
gation properties of the electromagnetic wave within the cavity material are obtained
from the non-trivial solution of Eq. 4.3. At the interface between two layers, the in-plane
wave vector is conserved and therefore Eq. 4.3 is a bi-quadratic equation in nz and its so-
lution corresponds to two forward and backward travelling waves. The corresponding








2 θ + n2z . (4.4)
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Fig. 4.1.: Schematic of the definition of the laboratory coordinate system.
For an optically uniaxial cavity with the optical axis oriented parallel to the surface
normal, as it is the case for the ZnO-based microresonators investigated in this work,
Eq. 4.3 can be simplified. The components of the dielectric tensor in the laboratory
coordinate system are in this case given by εxx = εyy = ε⊥, εzz = ε‖ and εi j = 0 else. The
corresponding refractive indices of the two forward travelling waves within the cavity












The first belongs to the so-called ordinary (o) wave which is in this case purely s-
polarized and the latter belongs to the extraordinary (eo) wave which is purely p-
polarized. The corresponding propagation angle within the cavity is determined by
Snell’s law.
4.2. Properties of the Bragg reflector
For the calculation of the cavity-photon mode dispersion according to Eq. 4.1a the
properties of the BR for light incident from the cavity material onto the BR have to be
taken into account. Therefore, the optical anisotropy of the cavity has an influence on
the properties of the BR which can be calculated by a 4 × 4 transfer matrix formalism
[106, 107]. Based on the transfer matrix presented in Sec. 2.2.2 an approximation for the
complex reflection coefficient of the BR surrounded by an optically anisotropic medium
is developed. In the first part, the layer matrix as well as the incident and exit matrix
are derived. In the second part, the resultant complex reflection coefficient is shown
and discussed.
1. Derivation of the matrices: In the following only isotropic BR materials are considered.
This means that the matrix of the i-th layer within the BR is given by Eq. 2.18. A series
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−δi 0 0 i/pi
0 −δi −i/qi 0
0 −iqi −δi 0







cosθi − ni(E = Ei)diEi
~c
(4.7a)





Thereby Ei = pi~c/2nidi denotes the energy which corresponds to the optical thickness
of the i-th layer and θi the propagation angle of the electromagnetic wave within the
i-th layer. The last one is connected to the propagation angle in the ambient medium of
the microresonator by Snell’s law, i.e. cosθi =
√
1 − n2a sin2 θ/n2i .
Beside the structure matrix also the incident and exit matrices have to be known
for the calculation of the BR properties, which connect the tangential components of
the electric Ei and magnetic H field vector at the interface with s- and p-polarized
components of the electric field of the forward and backward travelling wave. Here,
it has to be considered that the surrounding medium of the BR (the cavity as well as
the substrate) might be optically anisotropic. Therefore two forward and backward
travelling waves which differ in their wave vector k propagate within this medium
with the same energy. The resultant total electric field can be written as
E± = E±1 eˆ±1 eik
±
1 r + E±2 eˆ±2 eik
±
2 r (4.8)
with eˆi being the unit vector in the direction of the electric field and ki the wave vector.
Both quantities can be easily obtained from Eq. 4.3. It has to be mentioned, that the
polarisation of each wave E±
i
eˆi might be a superposition s- and p-polarised. Therefore
these amplitudes (E±1 and E±2 ) have to be connected to the for s- and p-polarisation
components (E±
i








































The incident and exit matrix can then easily be obtained by using Eq. 2.15, 4.8, 4.9
and ∇ × E = µ0∂H/∂t. For the exit matrix one has to consider that no light enters the
surrounding medium on the backside and therefore E−
i
= 0 (i = 1, 2) holds.
In the case of a uniaxial cavity material, when the optical axis coincides with one axis
of the laboratory coordinate system the incident and exit matrix can easily be obtained,
since e±
i
is parallel or perpendicular to the plane of propagation. If the optical axis is
parallel to the x- or z-axis, the extraordinary wave within the surrounding medium is
purely p-polarised whereas this wave is s-polarised for an optical axis is parallel to the
y-axis. Assuming that the extraordinary wave and the ordinary wave is expressed by
E±1 = 0 and E±2 = 0, the incident matrix is given by
Minc =

0 0 eˆ1,x −eˆ1,x
1 1 0 0
−no cosθo no cosθo 0 0





0 0 cosθo − cosθo
1 1 0 0
−neo cosθeo neo cosθeo 0 0
0 0 no no
 , (4.12)
respectively. Here ni represents the refractive index and θi the propagation angle
with respect to the surface normal of the ordinary (o) and extraordinary (eo) wave. The
abbreviation α = eˆ1,x cosθeo+ eˆ1,z sinθeo is ameasure for the direction of the p-polarized
electric field with respect to the propagation direction. It takes the value one if the TM-
polarized electric field is perpendicular to the propagation direction and zero if it is
parallel. If the principle axes of the dielectric tensor of the substrate coincide with the









1 − n2a sin2 θ
n2z
1 1 0 0
−
√
n2y − n2a sin2 θ
√
n2y − n2a sin2 θ 0 0
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2. Complex reflection coefficient of the BR: Using the layer matrix Eq. 4.6 and the incident
(Minc) and exit matrix (Mex) obtained by Eq. 2.15, 4.8, 4.9 and ∇ × E = µ0∂H/∂t, the
transfer matrix for the BR with a surrounding optically anisotropic medium is given
by Mt = M−1inc (
∏
iMi)Mex. Using Eq. 2.17 the complex reflection coefficients can be
determined and can be written as r˜ =
√
Reiφ with R the reflectivity and φ the phase. A
series expansion of φ yields Eq. 2.23 and the central energy Es, effective length of the
BR L as well as the reflectivity R at the Bragg stop band are given by
Es(θ) =
ζ2n1(E = E1)d1E1 + ζ1n2(E = E2)d2E2






















Here the quantities ζi can be interpreted as phase matching factors of the electromag-
netic wave states between the two materials of the BR and µ is a function of the ratio
of the refractive indices of the two materials. The parameter τ depends on the ratio
of the refractive indices of the two materials neighbouring the BR, the cavity and the
“substrate” which is the ambient medium of the microresonator for the top BR and the
substrate of the microresonator for the bottom BR, as well as on the ratio of the propa-
gation angles of the electromagnetic wave within the BR materials. For uniaxial cavity
materials, where the optical axis coincides with one axis of the laboratory coordinate
system, the analytic expression of the abbreviations used in Eq. (4.14) for a BR made of
an even and of an odd number of layers are given in Tab. 4.1 and Tab. 4.2, respectively.
The layers of the BR were labeled such that the layer neighbouring to the surrounding
medium (cavity) is represented by the index 1 and the following by the index 2. N
represents the integral number of layer pairs of the BR. It should be mentioned that
generally the refractive index depends on the energy, i.e. ni = ni(E), and therefore Eq.
(4.14a) is an implicit function with respect to Es.
The dependence Es, L, and R of the BR on the propagation angle for the s- and
p-polarisation is exemplarily shown in Fig. 4.2 seen from inside the cavity. All three
quantities differ for the two polarisations. Responsible for this is that due to the conser-
vation of the in-plane component of the electric field, the reflectivity and transmission
coefficients are different for the two polarisations [105]. Therefore, similar to the depen-
dence of the reflectivity at an interface, the reflectivity of thewhole BRdiffers for the two
polarisations. The reflectivity of the s-polarisation increases with increasing in-plane
wave vector, whereas the reflectivity for the p-polarisation decreases. A decrease of the
reflectivity leads to a larger penetration of the electromagneticwave into the BR. Related
to the penetration depth of the BR is the effective length [25]. Therefore, with decreas-
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4.2. Properties of the Bragg reflector
optical axis parallel to the x- or z-axis:
s-polarisation p-polarisation
σ1 = 2q2sqoQ
−Nξ(q1, q2,N) σ1 = 2Eˆ1,xαneon2sP−Nξ(p1, p2,N)
σ2 = −2qoQNξ(p1, p2,N) σ2 = −2αneoEˆ1,x cos2 θsPNξ(p1, p2,N)

















optical axis parallel to the y-axis:
s-polarisation p-polarisation
σ1 = 2q2sqeoQ
−Nξ(q1, q2,N) σ1 = 2no cosθon2sP−Nξ(p1, p2,N)
σ2 = −2qeoQNξ(p1, p2,N) σ2 = −2no cosθo cos2 θsPNξ(p1, p2,N)

















Tab. 4.1.: The definition of the abbreviations, which are needed for the calculation of the proper-
ties of the Bragg reflector (Eq. 4.14) made of even numbers of layers with the abbre-




, with pi = ni cosθi and
qi = ni/ cosθi.
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ζ1 = σ2/q1 + σ3q1 ζ1 = σ2/p1 + σ3p1






























σ1 = 2 cosθono
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n2s/p1 − cos2 θsp1
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ζ1 = σ2/q1 + σ3q1 ζ1 = σ2/p1 + σ3p1
























Tab. 4.2.: The same as in Tab. 4.1 but for a Bragg reflector made of odd numbers of layers.
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Fig. 4.2.: The central energy Es (a), the effective length L (b) and the reflectivity R (c) of a BR
in dependence of the propagation angle for the s- and p-polarized light. The blue line
corresponds to the respective difference between the s- and p-polarisation (right axis
in (a) - (c)). (These quantities were calculated for light incident from a cavity with a
refractive index of 2.
ing reflectivity the effective length increases as can be seen in Fig. 4.2b. The different
penetration depths of the electromagnetic wave into the BR for the two polarisations
leads to a change of the central energies of the Bragg stop-band. The energy is slightly
larger for the p-polarisation than for the s-polarisation. At zero in-plane wave vector the
properties of the BR are the same and therefore both polarisations are indistinguishable.
In order to verify that the presented approach can be used for the calculation of
the optical properties of the BR, the phase of the BR made of odd numbers of layers
(N + 1/2) in the vicinity of the central energy (∆E = 3%) was calculated on the one hand
using the approach presented here and on the other hand using the transfer matrix
technique (Fig. 4.3). A good agreement in the phase calculated by the two methods
is obtained and the slope of the energy dependent phase (∂φ/∂E) is well reproduced
by the presented approach. With increasing energetic distance from the central energy
the difference between the results obtained by the two methods increases. Further,
for small numbers of layer pairs an increase of this difference with increasing number
of layer pairs can be recognized which saturates for large N. Responsible for this
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Fig. 4.3.: (a) The phase of the BR made of odd numbers of layers (N + 1/2) calculated by the
presented approach (symbols) and the transfer matrix technique (solid lines) for dif-
ferent N. The corresponding reflectivity values are: RN=2.5 = 56%, RN=4.5 = 80%,
RN=8.5 = 96.8%, RN=12.5 = 99.5% and RN=20.5 = 99.9%. (b) The relative deviation of the
phase calculated by the two techniques.
behaviour is the energy dependence of the phase on the number of layer pairs. For
small numbers of layer pairs, the phase of the BR yields a small slope in energy. This
leads to the fact that the series expansion of the layer matrix as well as of the phase of
the r˜ can be applied in a wide energy range. With increasing number of layer pairs, the
slope increases and therewith the energy range in the vicinity of Es which can be used
for the small angle approximation decreases. For large N the slope of the phase and
so the energy range where the small-angle approximation can be applied, saturates.
Therewith the difference in the calculated phase between the two models saturates,
too. For even numbers of layer pairs, isotropic ambient medium, and large N (high
reflectivity values) the calculated phase is similar to that one calculated by the approach
suggested by G. Panzarini et al. [112], which assumes a semi-infinite BR.
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5. Polarisation properties of the
cavity-photon modes
5.1. TE-TM splitting
5.1.1. Optically isotropic cavities
Although the effective length of the cavity is independent of the polarisation, the quanti-
ties Es,L and R of the BR depend on the polarisation of the cavity-photons (cf. Fig. 4.2).
This causes that the dispersion of the cavity-photon mode, in energy and lifetime, is
affected by the polarisation even for a completely optically isotropic microresonator.
Since the energy dependence of the refractive index of transparent materials is typically
very weak, it was neglected in the following discussion in this section. For the calcu-
lation of the cavity-photon dispersion, refractive indices are used which are close to
those of the materials used in the ZnO-based microresonators presented in this work,
i.e. n1 = 2.152, n2 = 1.718, and nC = 2.
The dispersion, in energy and lifetime, of the cavity-photons in the momentum space
is shown in Fig. 5.1a and b, respectively, for the two polarisations. The in-plane wave
vector k‖ was calculated from the propagation angle (θ) and the energy of the cavity-
photons (EC) by k‖ = EC(θ)/(~c) sinθ. In the dispersion an energy splitting of the
cavity-photon energy for the two polarisations is observable which is known as TE-TM
splitting. For k‖ = 0 the splitting vanishes and increases with increasing k‖. Responsible
for the degeneracy at k‖ = 0 is the rotation symmetry which causes that the two polar-
isations are indistinguishable from each other. Therefore, the cavity-photon energies
coincide with each other for the two polarisations. For a description of the TE-TM
splitting it is useful to introduce an average effective length (Li) and an average central
energy (E
s
i ) by simply averaging that of two BR for each polarisation (i) which belongs
to the corresponding in-plane wave vector of the cavity-photon mode






The dependence of the TE-TMsplitting on the in-planewave vector for amicroresonator
with an optically isotropic cavity is given by
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∆ETE-TM =










This equation can be simplified by neglecting the last term in the numerator and
the dependence of E
s




. This can be done since∣∣∣∣LspolLppol(Esspol − Esppol)∣∣∣∣ ∣∣∣pi~c(Lspol − Lppol)∣∣∣ and ∣∣∣∣Esspol − Esppol∣∣∣∣ is in the order of few
meV in maximum. Therefore, the TE-TM splitting can be approximated by
∆ETE−TM ≈
(−pi~c +DEs)(Lspol − Lppol)
(D +Lppol)(D +Lspol)
. (5.3)
As can be seen in Fig. 4.2 the average effective length of the BR is larger for the p- than
for the s-polarisation, i.e. the last term in the nominator is usually negative (and zero
at zero in-plane wave vector1). However, the sign of the first term in the nominator
depends on the cavity thickness and therewith the sign and themagnitude of the TE-TM
splitting. For the discussion of these quantities as a function of the cavity-thickness and
in-plane wave vector it is useful to introduce the quantity
∆C = E
s
(k‖ = 0m−1) − pi~c
nCdC
. (5.4)
This quantity can be interpreted as a cavity detuning and is a measure for the difference
of the energy related to the optical thickness of the cavity and the average central energy
of the BR. For∆C ≥ 0meV thefirst term in Eq. 5.3 is positive for all in-planewave vectors,
i.e. the TE-TM splitting is negative for k‖ > 0. Furthermore themagnitude of the TE-TM
splitting increases with increasing cavity thickness (cf. Fig. 5.1). For∆C < 0 the situation
is a somewhat different and two regimes in the TE-TM splitting are observable. In the
first regime at small in-plane wave vectors the TE-TM splitting is positive. Here the TE-
TM splitting increases (to positive values) with increasing in-plane wave vector, which
can be attributed to the fact that the difference in the average effective length of the BR
increases for the twopolarisations. This increase is for small k‖ larger than the increase of
DEs, i.e. the sign of the first term in the nominator remains negative. For larger in-plane
wave vectors the first term in the nominator is reduced and vanishes at intermediate
in-plane wave vectors (k‖ ≈ 0.7 × 107m−1 for ∆C = −30meV), sinceDE
s
increases. This
compensates the increase of the TE-TM splitting caused by the difference in the effective
length of the BR and therefore reduces the TE-TM splitting. With decreasing cavity
thickness, the in-plane wave vector at which the first term vanishes shifts to larger
1This ensures that the TE-TM splitting vanishes for zero in-plane wave vectors.
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5.1. TE-TM splitting
values (keeping the BR constant). In the second regime (large in-plane wave vectors)
the increase of the central energy of the BRwith increasing in-plane wave vectors causes
that the first term is positive and therefore the TE-TM splitting is negative. Here the
TE-TM splitting increases with increasing in-plane wave vector since both terms in
the nominators increase. The change of the sign of the TE-TM splitting at large in-
plane wave vectors for small cavity thicknesses (∆C < 0) means, that there exists an
additional in-plane wave vector (beside that of k‖ = 0), where the cavity-photon modes
are degeneratedwith respect to their energy2. The cavity thickness at which the TE-TM






















A similar equation was also found by Dukin et al. [157]. By using the approximation















The dependence of the lifetime (which is inversely proportional to the broadening)
of the cavity-photons on the in-plane wave vector is shown in Fig. 5.1 for the two
polarisations. For the p-polarized cavity-photons a decrease of the lifetime is observable
with increasing in-plane wave vector, whereas for the lifetime of the s-polarized cavity-
photons an increase is obtained. This different behaviour can be attributed to the
dependence of the reflectivity of the BR (Fig. 4.2) which mainly determines the lifetime
of the cavity-photon. For the s-polarisation, the reflectivity of the BR increases with
increasing in-planewavevector and therewith theprobability of a cavity-photon to leave
the microresonator decreases which leads to a larger lifetime. For the p-polarisation,
the opposite is the case.
5.1.2. Optically anisotropic cavities
For microresonators with an optically anisotropic cavity material the Es,L, and R of the
BR and additionally the effective cavity length depend on the polarisation which causes
a modification of the TE-TM splitting in sign and magnitude. For the influence of the
optical anisotropy of the cavity material three cases are considered in the following:
1. the optical axis is perpendicular to the interface
2The degeneracy holds only with respect to the energy of the cavity-photon mode. Its broadening is not
degenerated since it is mainly determined by the reflectivity of the BR.
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Fig. 5.1.: Cavity-photon dispersion in energy (a) and broadening (b) for the s- (black) and p-
polarized (red) cavity-photons for an isotropic microresonator. (c) The dependence of
the TE-TM splitting for different cavity thicknesses in an isotropic microresonator (∆C
denotes the cavity detuning according to Eq. 5.4).
2. the optical axis is parallel to the interface and coincides with one of the two axes
of the laboratory coordinate system, i.e. parallel to x- or y-axis
3. a general orientation of the optical axis or an optically biaxial cavity
1. The optical axis is perpendicular to the interface: The microresonator exhibits an in-plane
rotation symmetry which causes the degeneracy of the energy and broadening of the
cavity-photon mode for the two polarisations at zero in-plane wave vector (Fig. 5.2),
similar to a microresonator with an optically isotropic cavity. At this in-plane wave
vector the cavity-photons do not “see” the optical anisotropy of the cavity and the
energy and broadening of the cavity-photons are the same as for a microresonator with
an optically isotropic cavity with a refractive index nC = n⊥ =
√
ε⊥. For larger in-plane
wave vectors, the rotation symmetry causes that only the p-polarized cavity-photons
are affected by the optical anisotropy of the cavity. The properties of the s-polarized






























































Fig. 5.2.: (a) The dispersion of the s- and p-polarised cavity-photon modes for a microresonator
with an optically uniaxial cavity. The optical axis is parallel to the surface normal
and the birefringence was set to ∆n/n = (n‖ − n⊥)/n⊥ = 3%. (b) The change of
the p-polarised cavity-photon mode energy as function of the in-plane wave vector for
different values of the birefringence. (c) The same as in (b) but for the TE-TM splitting.
In all cases the cavity detuning was set to ∆C = 0meV.
The dispersion of the cavity-photons is shown in Fig. 5.2a, calculated for a microres-
onator with an optically uniaxial cavity with the optical axis parallel to the surface
normal. The birefringence of the cavity was set be to similar to that of ZnO in the
visible spectral range, i.e. ∆n/n = (n‖ − n⊥)/n⊥ = 3% [148]. The change of the energy
of the p-polarized cavity-photon mode caused in the optical anisotropy of the cavity is
shown in Fig. 5.2b for different values of ∆n. For a positive birefringence (∆n > 0) the
refractive index of the cavity is larger than that in an isotropic cavity (nC,iso = n⊥) so
that Dppol,aniso ≥ Dppol,iso. This leads to a reduction of the cavity-photon mode energy
compared to that in an isotropic microresonator, since EC ∝ (D + L)−1 holds. For a
negative birefringence (∆n < 0) the opposite is the case.
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The change of the cavity-photon energy for the p-polarisation causes also a change of
the TE-TM splitting, which can be easily calculated from Eq. 4.1a to be
∆ETE-TM =













which contains an additional term (last term in the nominator) compared to that one for
an isotropic microresonator (Eq. 5.2). The magnitude and the sign of this term depends
on the difference between the effective cavity lengths for the two polarisations. A
positive birefringence leads toDp−pol ≥ Ds−pol3 and therewith to an additional positive
contribution to the TE-TM splitting (Fig. 5.2c). Therefore a positive TE-TM splitting
is observable even for ∆C = 0meV. For a negative birefringence the opposite is the
case (Dp−pol ≤ Ds−pol) and the optical anisotropy causes a negative contribution to the
TE-TM splitting. Here, the absence of positive TE-TM splitting values is obtained even
for ∆C < 0meV.
For the calculation of the required cavity-thickness, which is necessary to achieve a
vanishing TE-TM splitting at in-plane wave vector k‖, the dependence of the effective



























with D˜i = nC,i cosθC,i. Here, it should be mentioned that the quantities Li and Esi as
well as D˜i strongly depend on the in-plane wave vector as discussed in Sec. 4.
2. in-plane orientation of the optical axis and parallel to the x- or y-axis: In this case, the mi-
croresonator does not exhibit a rotation symmetry and therefore the two polarisations
are distinguishable even at zero in-plane wave vector. This causes that the energies for
cavity-photons differ for the two polarisations at zero in-plane wave vector. Since the
optical axis is parallel to x- or y-axis of the laboratory coordinate system, the ordinary
and the extraordinary wave in the cavity are purely p- and s-polarized, respectively,
if the optical axis is oriented parallel to the y-axis. The polarisation of the ordinary
and extraordinary change if the optical axis is oriented parallel to the x-axis. There-
fore, for each polarisation only one cavity-photon mode appears. For both situations
3The equality hold for zero in-plane wave vector only.
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5.1. TE-TM splitting
the dispersion of the corresponding cavity-photons is shown in Fig. 5.3a and b. The
magnitude and the sign of the TE-TM splitting are determined by the magnitude of
the birefringence and its sign, as well as by the orientation of the optical axis (Fig. 5.3c
and d). For cavity materials with a positive birefringence (n‖ > n⊥) the effective cavity
length, which belongs to the ordinary wave is smaller than that one which belongs to
the extraordinarywave. Since the corresponding energy is inversely proportional to the
effective length (EC ∝ (D+L)−1), one obtains for the corresponding energy of the cavity-




C denote the energies of the cavity-photons which correspond to
the ordinary (i = o) and extraordinary (i = eo) wave. For negatively birefringent cavity
materials the opposite is the case. Therefore the TE-TM splitting is positive (negative)
for a microresonator with a positive birefringence if the optical axis is aligned parallel to
the x-axis (y-axis). Both, the dependence of the TE-TM splitting as well as the required
cavity thickness for a vanishing TE-TM splitting at an in-plane wave vector k‖ can be
obtained from Eq. 5.7 and Eq. 5.8, respectively.
3. General orientation of the optical axis or optically biaxial material: Here, two wave
propagateswithin the cavitywith the same energy, but different propagation properties.
The polarisation of these two waves is linear combination of the s- and p-polarised
one. The resonance condition for the eigenmodes of the microresonator (Eq. 2.26)
can be fulfilled twice for each polarisation and two cavity-photon modes appear in
the spectrum. One cavity-photon mode can be related to the ordinary waves of the
cavity and the other one to the extraordinary one. Exemplarily, the dispersion of the
cavity-photon modes for a microresonator with an in-plane orientation of the optical
axis is shown in Fig. 5.4. For the calculations, the angle between the optical axis and
the x-axis was set to be 45◦. Due to the rotation symmetry of the two BR, which are
optically isotropic, its effective length, central energy and reflectivity at the Bragg stop
band which are connected with the refractive index of the ordinary wave or rather the
extraordinary wave are the same at zero in-plane wave vector for both polarisations.
Therefore, the cavity-photonmodes for both polarisations which belong to the ordinary
or extraordinary wave, are degenerated in energy and lifetime. For non-zero in-plane
wave vector, the effective length and reflectivity of the BR for the ordinary as well as
for the extraordinary wave differ for the two polarisations and the degeneracy of the
cavity-photon mode vanishes. It has to be mentioned, that the presented approach can
be used in order to calculate the cavity-photon mode energies. However this approach
does not make any prediction about the magnitude of the cavity-photon mode in the
experiment. To make a prediction about the magnitude of the cavity-photon mode
within the spectra, the fraction of s- and p-polarisation in the total polarisation of the
electromagnetic wave has to be taken into account.
The lifetime of the cavity-photons is mainly determined by the reflectivity of the BR,
as mentioned in the discussion of the microresonator with an optically isotropic cavity
(Sec. 5.1.1). This quantity is mainly determined by the difference in the refractive index
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Fig. 5.3.: Dispersion of the s- (black lines) and p- (red lines) polarised cavity-photon mode for
different in-plane orientations of the optical axis (blue arrow in the inset) ((a) and (b)).
The cavity-photon mode which is connected to the ordinary wave within the cavity is
shown as solid line whereas the extraordinary one is shown as dashed line (positive
birefringence) or dotted line (negative birefringence). The corresponding magnitude
of the TE-TM splitting is shown in (c) and (d) for different values of the birefringence.
of the two materials used for the BR and by the number of layer pairs (cf. Eq. 4.14). The
optical anisotropy of the cavity material was found to have only a small impact on the
absolute value of the reflectivity. Therefore the optical anisotropy of the cavity causes
only a small change in the lifetime of the cavity-photons. Exemplarily, the change
(absolute and relative) of the lifetime in a microresonator with an optically uniaxial
cavity compared to that with an optically isotropic cavity is shown in Fig. 5.5 for both
polarisations. Here the optical axis was aligned parallel to the interface and the angle
between the optical axis and the x-axis was set to be 45◦. The change in the broadening
wasdetermined to be in the order of someµeV,which is about 2 . . . 3orders ofmagnitude
smaller than the broadening itself. The weak increase of the relative change with k‖ for
the s-polarisation can be explained by the fact that for this polarisation the penetration
depth of the electromagnetic wave into the BR decreases and therefore it “feels” more
the optical anisotropy of the cavity at large in-plane wave vectors than for small ones. In
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Fig. 5.4.: Dispersion of the cavity-photon mode for an in-plane orientation of the optical axis
(blue arrow in the inset) for the s- (black) and p-polarisation (blue). The cavity-photon
mode which is connected to the ordinary (o) wave within the cavity is shown as solid
line whereas the extraordinary (eo) one is shown as dashed line.
contrast to that, the penetrationdepth of the electromagneticwave for the p-polarisation
decreases, which causes a slight lowering of the relative change. Nevertheless, due to
the very small change of the lifetime the impact of the optical anisotropy can mostly be
neglected.
5.2. Effect of the TE-TM splitting on the in-plane wave vector
In the previous section, the dispersion of the cavity-photons was always shown as a
function of the in-plane wave vector k‖ within the cavity, since k‖ is a more meaningful
quantity than the propagation angle. However, only the propagation angle can be
directly measured experimentally. The in-plane wave vector has to be calculated from
the propagation angle and the energy of the photons at this angle (k‖ = (E sinθ)/~c).
For the s-polarized cavity-photon the dependence of the corresponding in-plane wave
vector on the propagation angle is shown in Fig. 5.6awhich ismainly affected by the sine
function. Thereby the samemicroresonator was used as presented in Fig. 5.1. However,
due to the TE-TM splitting the energy of the s- and p-polarised cavity-photons differ
slightly from each other at the propagation angle θwhich causes that the corresponding
in-plane wave vector for these cavity-photons differ from each other (Fig. 5.6b). Since
the magnitude of ∆k‖ = k‖,s−pol − k‖,p−pol is proportional to the TE-TM splitting, the
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Fig. 5.5.: The change of the broadening of the cavity-photon mode in microresonator with an
optical anisotropic cavity compared to the one in a microresonator with an isotropic
cavity (nC,iso = nC,,⊥) absolute (a) and relative (b). The orientation of the optical axis
was chosen to be the same as in Fig. 5.4
influence of the optical anisotropy of the cavity material on ∆k‖ is similar to that of
the TE-TM splitting. Therefore, all statements made for the TE-TM splitting in Sec. 5.1
holds also for ∆k‖. For conventionally used microresonators the TE-TM splitting is
usually three orders of magnitude smaller than the cavity-photon energy and therefore
the difference in the in-plane wave vector at a propagation angle θ is more than three
orders of magnitude smaller than the in-plane wave vector itself (Fig. 5.6b). This effect
is often neglected in the interpretation of the experimental spectra.
5.3. Effective refractive index and effective cavity-photon
mass
The propagation angle θ in the ambient medium of the microresonator and the corre-
sponding energy of the cavity-photons limit themodel for calculations up to amaximum
in-plane wave vector given for Eq. 2.34 with θmax → 90◦. To overcome this obstacle, the
energy of the cavity-photons can be extrapolated to the desired in-plane wave vector.
In the literature this dispersion is often described by using an effective refractive index
(neff) [112, 158], i.e.
EC,i(θ) =
EC(θ = 0◦)√
1 − n2a sin2 θ/n2eff,i
. (5.9)
Here the index j denotes the polarisation. The dependence of the effective refractive
index on the design of the microresonator and on the in-plane wave vector will be
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Fig. 5.6.: (a) The in-plane wave vector for the cavity-photons in dependence of the propa-
gation angle in the ambient medium of the microresonator for the s-polarisation.
(The dispersion of the corresponding cavity-photon mode is shown in Fig. 5.1) (b)
The difference of the in-plane wave vector of the s- and p-polarized cavity-photons
(∆k‖ = k‖,p−pol − k‖,s−pol) which are observed at a propagation angle θ. (The microres-
onator is the same as presented in Fig. 5.1.)
discussed in the following. As mentioned above this quantity is a priori not known
and furthermore two different effective refractive indices have to be used in order to
describe the dispersion for the s- and p-polarised cavity-photon modes. Therefore, this
quantity has to be determined from the cavity-photon dispersion using the presented
approach and extrapolated to the desired in-plane wave vector. For the ZnO-based
microresonator with a resonance energy in the visible spectral range (EC(θ = 0◦) ≈
1.9meV) the dependence of the effective refractive index on k‖ is shown in Fig. 5.7 for
different cavity thicknesses and bothpolarisations for amicroresonatorwith an optically
isotropic cavity, since the effective refractive index neff describes the dispersion of the
cavity-photons. The different dispersion for the two polarisations leads to the observed
difference in the effective refractive index. For all cavity thicknesses, a slight increase of
the effective refractive index with increasing in-plane wave vector for the s-polarisation
can be seen. In contrast to that neff decreases for the p-polarisation. This can be
attributed to the polarisation dependence of the reflectivity of the BR (cf. Fig. 4.3).
The decrease of the reflectivity with increasing k‖ leads to a larger penetration depth of
the electromagnetic wave into the BR and therefore the wave “feels” more the average
refractive index of the BR (nBragg = (n1d1+n2d2)/(d1 +d2)). Since the averaged refractive
index of the BR is smaller than the effective refractive index at zero in-plane wave
vectors, neff decreases for the p-polarisation with increasing k‖. For the s-polarisation,
the opposite is the case. The reduced penetration depth caused by an increase of the
reflectivity with increasing k‖ leads to the fact that the electromagnetic wave “feels”
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more the refractive index of the cavity which is larger than neff. Therefore an increase
of neff with increasing k‖ is observable.
The picture treating the cavity-photon as a particle is useful for the description of
scattering properties of the exciton-polaritons in the strong coupling regime [126, 159].
In this picture the cavity-photon dispersions can be treated as photonic bands. The
corresponding cavity-photons occupying these bands have a non-zero mass (mcav). The
dispersion of these bands is given by
EC(k‖) = EC(k‖ = 0) + ~2k2‖/2mcav . (5.10)
Similar to the picture of the cavity-photon modes for the s- and p-polarisation, two
different bands with different effective masses appear. These masses of the cavity-
photonswere deduced from the cavity-photon dispersions and are shown in Fig. 5.7 for
different cavity thicknesses. For both polarisations an increase of the cavity-photonmass
is observable with increasing k‖. This means that the photonic bands are non-parabolic.
Therefore, strictly speaking, the definition of the photonic mass is valid only for small
in-plane wave vectors (k‖ < 0.2 × 107m−1) where the dispersion of the cavity-photons
is nearly parabolic so that cavity-photon mass is nearly constant. Nevertheless the
above shown description of the cavity-photon dispersion and the cavity-photon mass
are often applied in the literature for large k‖ [126, 159]. Therefore, here, the definition
of the cavity-photon mass is used and discussed even for large k‖. The increase of the
cavity-photon mass with increasing in-plane wave vectors is caused by the change of
the dispersion from a parabolic to linear.
Similar to the effective refractive index, the different dispersion of the cavity-photons
for the two polarisations causes that the masses of the corresponding cavity-photons
differ also from each other. A measure for the difference of the effective masses for the






For a low cavity thicknesses (∆C < 0) and for small k‖ the TE-TM splitting yields a
negative curvature (cf. Fig. 5.1) and therefore meff,p−pol > meff,s−pol. In contrast to that,
the curvature of the TE-TM splitting is positive for large k‖, as well as for large cavity
thicknesses (∆C > 0), so that meff,p−pol < meff,s−pol. Only at the inflexion point of the
TE-TM splitting as a function of k‖, the effective cavity-photon masses are equal for
both polarisations. Note, that the masses differ in the most cases at zero in-plane wave
vector. It should be mentioned, that for GaAs- and CdTe-based microresonator the
TE-TM splitting is usually negligible so that the differences in the cavity-photon mass
can be neglected. Both quantities, the effective refractive index and the effective cavity
photon mass, are not independent from each other. For small k‖ they are connected by
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5.3. Effective refractive index and effective cavity-photon mass
neff(k‖ = 0) = meffc2/EC(k‖ = 0). Therefore the effective refractive indices differ for the
two polarisations even at zero in-plane wave vector.
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Fig. 5.7.: The effective refractive index (left column) and effective cavity-photon mass (right col-
umn) for the s- and p-polarisation of the microresonator presented in Fig. 5.1 with an
optically isotropic cavity are shown as black and red solid line, respectively, for differ-
ent cavity thicknesses: (a) and (b) ∆C = +60meV , (c) and (d) ∆C = 0meV and (e) and
(f) ∆C = −60meV with ∆C = Es(k‖ = 0) − pi~c/nCdC. The central energy of the Bragg
reflectors at zero in-plane wave vector (normal incidence) was set to be 2.0 eV.
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6. Experiment
The presented approach is exemplarily applied to calculate the cavity-photon mode
properties in a ZnO-based microresonator (visPR ). This resonator was chosen since
on the one hand it consists of an optically uniaxial cavity material (ZnO which is
preferentially c-plane oriented) and on the other hand its design is similar to that of
the other ZnO-based microresonators which are used for the investigation of the strong
light-matter coupling. The cavity-photon energy was designed to be 1.9 eV at zero in-
plane wave vector, so that the cavity-photon energy is for all investigated in-plane wave
vectors far away from the exciton energy in order to avoid strong coupling between
these two modes.
The experimentally obtained reflectivity spectra are shown for angles of incidence
of 6◦ and 60◦ in Fig. 6.1. In both spectra the Bragg band edge modes, the Bragg stop
band and the cavity-photon mode are clearly observable. The last one can be seen as
a dip within the Bragg stop band. For large angles of incidence the magnitude of the
cavity-photon dip differs for the two polarisations. This can be understood easily since
the reflectivity value at the cavity-photon energy of the microresonator is given by [108]








The increase of the reflectivity of the top and bottom BR with increasing in-plane
wave vector (angle of incidence) for the s-polarisation causes that the denominator in
Eq. 6.1 decreases so that the reflectivity value at the cavity-photon mode increases with
increasing in-planewave vector (angle of incidence). For the p-polarisation the opposite
is the case. Since the increase and decrease of the reflectivity at the cavity-photon mode
energy is much stronger than the change in the reflectivity of the Bragg stopp band for
the s- and p-polarisation, respectively, themagnitude of the cavity-photon dip decreases
for s-polarised light and increases for the p-polarised one. Furthermore, as can be seen
from Eq. 6.1 the difference in the reflectivity between the top and bottom BR causes a
non-vanishing reflectivity value of the microresonator at the cavity-photon energy.
The reflectivity spectra for all angles are shown in Fig. 6.1 in a false colour plot in
dependenceon the in-planewave vector for the p-polarisation. The parabolic behaviour
of the cavity-photondispersion is clearly observable and can bewell described by the the
approach presented in Sec. 4which is shownas black solid line. For the calculation of the
cavity-photonmode the refractive indices determined by spectroscopic ellipsometry (cf.
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Fig. 6.1.: Reflectivity spectra of the ZnO-based microresonator visPR at an angle of incidence
of θ = 6◦ (a) for the s-polarisation and for an angle of incidence of θ = 60◦ (b) for both
polarisations. The reflectivity as a function of the in-plane wave vector for all recorded
angles of incidence shown in a false colour scale (p-polarisation) (c). The calculated
dispersion is shown as black solid line.
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Sec. 3.3)were used and a cavity thickness of about dC = (161±5) nmwas obtained. This is
in good agreement with that one obtained by spectroscopic ellipsometry (dC ≈ 158nm).
Beside the cavity-photon dispersion for the p-polarisation, also the magnitude and
dispersion of the TE-TM splitting is well described (Fig. 6.2a). The presence of the two
regimes (positive TE-TM splitting for small in-plane wave vectors and a negative one
for large k‖) indicates that ∆C < 0 (cf. Fig. 5.1). For the presentedmicroresonator a value
of ∆C ≈ −35meV is obtained.
The lifetime and its dependence on the in-plane wave vector is shown in Fig. 6.2b. At
small in-plane wave vectors a broadening of 5meV (k‖ ≈ 0.1 × 107m−1) is obtained for
bothpolarisationswhich ismuch larger than that of an idealmicroresonator (γ ≈ 1meV).
This large broadening cannot only be attributed to the bandwidth of the spectrometer
which is about 0.2meV in this spectral range1. Furthermore, the observed broadening
increases with increasing in-plane wave vector (k‖ < 0.8 × 107m−1) similarly for both
polarisations, which is in contrast to that one for an ideal microresonators (red and
black line in Fig. 6.2d). Therefore an additional inhomogeneous broadening has to be
considered. The cross-section of the microresonator made by scanning transmission
electron microscopy (STEM) yields a strong inhomogeneity of the cavity thickness
(Fig. 3.1), i.e. the condition of smooth interfaces is not fulfilled. This inhomogeneity
can lead to a Gaussian distribution of microscopic cavity-photon modes which differ
in energy and causes an enhancement of the entire broadening of cavity-photon mode.
However, this broadeningdoes not have an influence on the cavity-photonmode energy
as was shown by A. A. Dukin et al. [157]. By taking into account the calculated
broadening for an ideal microresonator, the inhomogeneous broadening (σ) can be
calculated by [160]
ΓC ≈ 0.53γC +
√
0.22γ2C + σ . (6.2)
from the experimentally obtained entire broadening ΓC. Here a value of σ ≈ 4meV
(k‖ ≈ 0.1 × 107m−1) is obtained. The inhomogeneous broadening as a function of
the in-plane wave vector is shown in Fig. 6.2d and an increase with increasing in-
plane wave vector is obvious. Increasing the angle of incidence, i.e. increasing k‖,
the light spot on the microresonator surface increases and therefore an increasing area
on the sample is probed. This could be responsible for the increase of the Gaussian
broadening. Furthermore, the dispersion of the microscopic cavity-photon mode can
slightly deviate from each other (Fig. 6.2c). However, this effect is very small and
can especially be neglected for the p-polarisation. For larger in-plane wave vectors
(k‖ > 0.8 × 107m−1) the dependence of the entire broadening is different for the two
polarisations. For the p-polarisation the entire broadening increases. However the
inhomogeneous broadening saturates for large k‖. Responsible for this effect can be the
1The relatively large spectral bandwidth results from the chosen gratings (600 L/mm) which guarantee










































































Fig. 6.2.: (a) The observed (circles) and calculated (solid line) magnitude of the TE-TM split-
ting. (b) The broadening of the cavity-photon mode for the two polarisations. (c) The
change of the cavity-photon energy with respect to the cavity thickness. (d) The homo-
geneous (γC, solid lines) and inhomogeneous (σ, squares) part of the broadening. The
uncertainty range of the entire and inhomogeneous broadening for the s-polarisation
is shown is shown as grey area. Responsible for this is the weak cavity-photon dip
compared to the noise of the spectrum and the non-ideality of the shape of the Bragg
stop band.
fact, that at a certain angle the spot diameter is large enough to average over such a
large area in which the whole thickness variation is confined. In contrast to that, the
entire and the inhomogeneous broadening for the s-polarisation reveal a tendency to
decrease with increasing in-plane wave vector. The origin of this decrease is not clear
at present. An inhomogeneous cavity-thickness might be an unlikely reason, since the
same behaviour would be expected for the p-polarisation. Also, anisotropy effects can
be neglected, since the cavity is preferentially c-plane oriented (cf. Sec. 3.1.2). However,
the large interface roughness of the cavity can lead to inhomogeneous scattering effects
(polarisation dependent) which can be responsible for the decrease.
For this, scatterometry measurements on a ZnO thin film deposited on a YSZ/Al2O3-
multilayer structure under similar conditions as the ZnO-cavity of the microresonator
visPR were performed. Here, a parallel light beam of the Xenon lamp irradiates the
sample under the angle of incidence of θ = 27◦. This angle of incidence was chosen
70
since it corresponds to the angle of propagation within the cavity of the microresonator
visPR at an in-plane wave vector of k‖ ≈ 1× 107m−1. The intensity of the reflected light
was then recorded as a function of the scattering angle for both polarisations. The mea-
sured spectra are similar for both polarisations and exhibits a sharp peak for reflection
geometry, as expected. Indications for an additional scatteringwas not observed neither
for s- nor p-polarisation. Although these measurements do not indicate the presence
of an inhomogeneous scattering of the reflected light, this inhomogeneous broadening
cannot be excluded to be responsible for the obtained decrease of the inhomogeneous
broadening of the cavity-photonmode. The top BR can lead to a change of the scattering




7. Summary of part II
The influence of the optical anisotropy on the cavity-photon mode in 1D confined
microresonators was discussed. An approach for the dispersion of the cavity-photon
mode in energy and lifetime was developed taking into account the refractive index
and layer thickness of the materials of the microresonator as well as the actual number
of layer pairs. The advantage of this approach is that:
1. the cavity-photonmode is calculatedwithout calculating thewhole transfermatrix
for the microresonator.
2. all needed quantities are known or can be deduced.
3. it can be applied for microresonators which consist of BR with a small number of
layer pairs.
4. the optical anisotropy of the cavity material is included.
The commonly used approach of an effective refractive index or cavity-photon mass
does not fulfil the second point so that for this approach the needed quantities have
to be determined otherwise. The approximation suggested by G. Panzarini et al. [112]
fulfil the first two mentioned points only. In the limit of an isotropic cavity material
and large number of layer pairs, the approach presented in this work converges to
the approach of G. Panzarini et al. [112]. Nevertheless, it has some limitations. It
is based on the small angle approximation which is only valid in the vicinity of the
central energy of the BR. The BR is assumed to be a periodic layer stack and all layers
have the same optical thickness and inhomogeneities, such as a thickness variation
are not included within this approach. Furthermore, a possible absorption of the cavity
medium is not considered. These drawbacks hold for the presentedapproach suggested
by G. Panzarini et al. [112], too, and also for the approximations based on an effective
refractive index or an effective mass.
Based on the approach presented here, the dispersion of the cavity-photon mode
for the two linear polarisation was investigated. The cavity-photon mode energy and
broadening differs from each other for the two linear polarisations, caused by the
polarisation dependence of the effective length of the BR. The influence of the cavity
material on the TE-TM splitting can be classified into four cases:
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1. Isotropic cavity material:
The sign and the magnitude of the TE-TM splitting depends on the cavity thick-
ness. For a ∆C ≥ 0meV the TE-TM splitting is for all in-plane wave vectors
negative. For ∆C < 0meV a positive TE-TM splitting is observable for small
in-plane wave vectors, whereas the splitting becomes negative for large k‖.
2. Uniaxial cavity material (c-plane oriented):
Here the situation is similar to the isotropic case, i.e. at zero in-plane wave vector
one cavity-photon is observable for both polarisations which are degenerated in
energy and lifetime. Due to the rotation symmetry of the microresonator, only
the p-polarised cavity-photons are affected by the optical anisotropy. A positive
birefringence of the cavity leads to an increase of the TE-TM splitting compared
to that one which is obtained for a microresonator with an optically isotropic
cavity. For ZnO-based microresonators with a positive birefringence (∆n/n ≈ 3%)
it was found that the impact of the anisotropy of the cavity is in the same order of
magnitude as the TE-TM splitting itself and therefore it has to be considered for a
correct description of the TE-TM splitting in such microresonators.
3. Uniaxial cavity material (in-plane orientation) and the optical axis coincides with
one axis of the laboratory coordinate system:
In this case the microresonator does not exhibit a rotation symmetry, i.e. at
zero in-plane wave vector the cavity-photon modes are not degenerated. The
ordinary and the extraordinarywavewithin the cavity is purely s- andp-polarized,
respectively, so that only one cavity-photon mode appears in the corresponding
spectrum. For the case that the optical axis is oriented perpendicular to the plane
of propagation the s-polarized cavity-photons belong to the extraordinary wave
whereas the p-polarized ones to the ordinary wave (vice versa for the case that
the optical axis is parallel to the plane of propagation). Here, a positive (negative)
birefringence leads to a smaller (larger) energy for the s-polarised cavity-photon
mode compared to the p-polarised one and the optical anisotropy of the cavity
material leads to an additional negative (positive) contribution to the TE-TM
splitting. For the orientation of the optical axis parallel to the plane of propagation
the same conclusion holds but one has to replace positive by negative, and vice
versa in the last sentence.
4. Uniaxial cavity material (optical axis does not coincide with one axis of the labo-
ratory coordinate system) or biaxial cavity material:
The microresonator does not exhibit a rotational symmetry. The polarisations
of the two electromagnetic waves which propagate within the cavity with the
same energy are a linear combination of the s- and p-polarisation. Therefore, two
cavity-photon modes appear in each polarisation. At zero in-plane wave vector
(normal incidence) the cavity-photons, which correspond to the same electromag-
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netic wave within the cavity, are degenerated in energy and lifetime since the
properties of the BR at this in-plane wave vector are the same.
Concerning the lifetime of the cavity-photons the influence of the optical anisotropy
can be neglected, since it is mainly determined by the reflectivity values of the BR. The
change of the lifetime by the optical anisotropy of the cavity was found to be more than
two orders of magnitude smaller than the lifetime itself.
This approach was exemplarily applied to a ZnO-based microresonator visPR. The
observed dispersion of the cavity-photonmode as well as TE-TM splitting as a function
of the in-planewave vectorwaswell described by the presented approach. The broaden-
ing of the cavity-photon mode is mainly determined by an inhomogeneous broadening
which can be estimated to be about four times larger than the homogeneous one. This
inhomogeneous broadening can be related to thickness inhomogeneities which is sup-
ported by STEM investigations. For large in-plane wave vectors, the inhomogeneous
broadening remains constant for the p-polarisation whereas for the s-polarisation a ten-
dency for decrease is observable. The origin for this different behaviour is not known.







8. Dispersion of the Exciton-Polaritons
The strong coupling between excitons and cavity-photons creates quasi-particles which
are called exciton-polaritons. The pure uncoupled states do not exist anymore. The
properties of these bosonic quasi particles, e.g. their dispersion behaviour, are deter-
mined by the properties of the uncoupled states aswell as by the detuning δ(k‖), which is
the energetic difference between the two uncoupledmode and by the coupling strength.
In this chapter the dispersion of the exciton-polaritons in planar ZnO-based microres-
onators is discussed as a function of the detuning, polarisation and temperature. In
the following section (Sec. 8.1 - 8.3), the properties of the s-polarised lower polari-
ton branch and the related corresponding uncoupled modes are discussed only. The
corresponding properties of the p-polarised LPB are similar to the s-polarised one. Par-
ticularities caused in the different dispersion of the LPB for the two linear polarisations
are discussed in Sec. 8.4.
8.1. Light-matter coupling with free and bound excitons
8.1.1. Dispersion of the exciton-polaritons at T = 10K
Within a ZnO bulk single crystal or thin film usually two kinds of excitons exist: free
excitons which can propagate through the crystal/film and bound excitons which are
strongly localized. The most pronounced bound excitons are the donor bound excitons
(D0X). Due to their localization the emission energy of the D0X is slightly smaller than
that of the free exciton (E ≈ 3.36 eV compared to E ≈ 3.38 eV at T = 10K). Therefore,
the emission of the D0X dominates the PL spectra of ZnO bulk single crystals and thin
films at low temperatures (T < 100K) [90, 97, 161] (Fig. 8.1). The strongest emission
peaks are usually related to hydrogen (E = 3.363 eV), aluminium (E = 3.361 eV) and
gallium donors (E = 3.360 eV) [97]. For larger temperatures, the donors ionize so that
the localisation vanishes and only free excitons are observable. The broadening of the
corresponding mode is caused by potential fluctuations within the crystal. For the
ZnO-based microresonator WR and uvPR presented in this work the D0X are mainly
caused by aluminium atoms within ZnO. On the one hand, the ZnO target, which is
used during the deposition process of the ZnO-cavity, contains traces of aluminium
which are transferred to the resonator structure during the deposition process. On the
other hand, the aluminium atoms are constituents of the Al2O3-layer of the BR. This
leads to a contamination of the PLD chamber during the deposition process and there-
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with of the ZnO-cavity. Due to the localization the electronic properties of the D0X are
comparable with those of quantum dots (QD). Therefore a coupling between D0X and
cavity-photons should be in principle possible since the strong light-matter coupling
between QD and cavity-photons was already observed [162–164]. Usually, the concen-
tration of the impurity atoms and therewith the interaction volume are very low, so that
the coupling between the D0X and cavity-photons is negligibly weak compared to the
coupling with free excitons. Furthermore, the low concentration connected with the
localisation of the wave function does not allow any propagation of such polaritons, i.e.
the momentum space distribution should be 1D like. This means that no intra-branch
relaxation processes in the energy and momentum space would be possible. However,
if the concentration of the impurity atoms exceeds a certain level a slight overlap of
the wave functions of the localized electronic states takes place and the D0X should
behave like an ensemble of QD. This leads to an enhancement of the coupling strength
between the D0X and the cavity-photons and so coupling should be observable. A de-
termination of the concentration of donorswithin the ZnO-cavity of the microresonator
WR is not possible. One the one hand, the top BR, which is not conductive, inhibits
electrical measurements. On the other hand, a determination of the concentration by
experiments which would destroy the microresonator, e.g. by energy dispersive X-ray
spectroscopy (EDX) applied to a cross-section of the microresonator, is not possible
since the microresonator is needed for further investigations. A possible origin for the
enhanced concentration of donorswithin the ZnO-cavity of themicroresonatorWR can
be attributed to the annealing procedure. This can support a diffusion of aluminium
atoms of the Al2O3 layers into the ZnO-cavity. However, for a detailed understanding,
further investigations are necessary.
Another kind of “bound” excitons are the surface related excitons (SX) [165–167]
which are formed due to the different potential at the interface compared to that within
the crystal. Especially for ZnO-nanowires, these SX are strongly pronounced, i.e.
stronger than the D0X due to the large surface-to-volume ratio in these wires. The
energy of SX in nanowires was found to be E = 3.365 eV [166]. In ZnO thin films and
bulk single crystals, the SX are usually not observable since the surface-to-volume ratio
is very low. In the presented ZnO based microresonators, a coupling between SX and
cavity-photons should be possible. Here, it has to be mentioned, that although emis-
sion of these SX is usually not seen in the PL spectra of ZnO thin films and bulk single
crystals, the impact of the surface near region on the optical response of the crystal has
to be taken into account for the precise determination of the DF of the crystal {S[153]}.
It should be mentioned, that the investigation of the LPB dispersion as a function of
the temperature indicates that beside the free exciton a further excitonic state couples
to the cavity photon mode. However, due to the broadening and small magnitude of
the D0X and/or SX mode, it cannot be distinguished between these two excitonic states,
especially at large in-plane wave vectors. Therefore, in order to avoid an incorrect
assignment of the mode at an energy of about 3.36 eV at k‖ = 0m−1 it is denoted in the
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Fig. 8.1.: The photoluminescence spectra at T = 10K for zero in-plane wave vectors (s-
polarisation) of a ZnO thin film deposited on 2.5 layer pairs of YSZ and Al2O3. D0X
, X and DAP denots the donor bound exciton, free exciton and donor-acceptor pair,
respectively.
following as bX.
It should be noted, that the energy of the biexcitons in ZnO thin films is close to that
of donor bound excitons [168] and the photoluminescence of these excitons is observed
using large excitation densities [168, 169]. The exciton density which was used for
experiments in this chapter is more than one order of magnitude smaller than that
which was necessary for the observation of the biexciton. This makes it unlikely that
the observed peak is caused by the biexcitons. However, there might be some resonator
effects, caused for example by the light-matter coupling, so that this threshold for the
observation of the biexcitons is reduced.
APL spectrumof theZnO-basedmicroresonatorWR atT = 10K is shown in Fig. 8.2a
for a detuning of ∆ ≈ −70meV. In contrast to the PL spectrum of a ZnO single bulk
crystal or ZnO thin film (cf. Fig. 8.1), the dominant peak is caused by the emission of
the LPB instead of the bX decay. The PL intensity of the bX related peak is considerably
lower compared to that one which is related to the LPB. For the explanation of the
observed intensity distribution, two cases for the coupling regime of the cavity-photon
modewith the bX have to be considered: a weak coupling regime and a strong coupling
regime.
In the first case, the top BR prevents the emission of the bX decay since its reflectivity
is close to 100%. An efficient emission of the bX decay is possible only, if the bX is in
resonance with the cavity-photon respective polariton mode.
In the second case, a strong couplingwith the bX is present, three branches are formed
within the Bragg stop band, i.e. a LPB, an UPB and a middle polariton branch (MPB).
Since the coupling between bX and the cavity-photons is much weaker than that with
the free excitons the energy of the MPB is close to that one of the bX at small in-plane
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Fig. 8.2.: The photoluminescence (a) and reflectivity (b) spectrum of the microresonator WR at
T = 10K for a detuning of ∆ ≈ −70meV.
wave vectors. In typically used microresonators the hot exciton-polaritons scatter very
fast into the LPB so that the MPB is weakly occupied compared to the LPB. Therefore,
the emission from the MPB is much weaker than that of the LPB similar as for the case
if the weak coupling regime is assumed between the bX and the cavity-photons. This
means, one cannot decide which regime holds in the microresonator by the PL spectra
at zero in-plane wave vectors.
The reflectivity spectrum for an angle of incidence of θ = 6◦ at T = 10K is shown
in Fig. 8.2b. Besides the Bragg band-edge modes, the mode which is related to the
LPB is clearly observable within the Bragg stop band. However, in contrast to the PL
spectrum, a bX related mode is not observable in the reflectivity spectrum. This can be
attributed to the fact, that in the reflectivity spectrum the mode density is probed, or
rather the number of allowed states. The usually low concentration of the bX causes
a small number of allowed states and the noise and non-ideal shape of the Bragg stop
band hinders the observation of this mode.
Dispersion
PL and reflectivity spectra as a function of the in-plane wave vector at the temperature
of T = 10K and ∆ ≈ −70meV are shown for the s-polarisation in Fig. 8.3. The angle
of incidence or rather the emission angle was converted into k‖ according to Eq. 2.34.
Both modes, the LPB and the bX-related mode, are clearly observable in the PL spectra.
As expected the LPB exhibits for small in-plane wave vectors (k‖ < 0.6 × 107m−1) a
parabolic behaviour due to the strong photonic character. For larger in-plane wave
vectors the LPB dispersion becomes flat and converges to an energy close to the exciton
energy. Here, the excitonic character of the LPB dominates over the photonic one.
82
8.1. Light-matter coupling with free and bound excitons
The LPB converges to an energy close to ≈ 3.36 eV and not to the energy of the free
excitons (EX ≈ 3.38 eV). The bX-related mode dispersion behaves oppositely to that of
the LPB. For small in-plane wave vectors this mode yields a flat dispersion whereas for
large one a small blue shift of the mode energy is observable, starting at an in-plane
wave vector where the two modes are close to each other. This is in contrast to the
expected dispersion of the uncoupled bXmode, which should yield a flat dispersion in
themomentum space. The dispersion behaviour of the twomodes indicates, that the bX
related mode can be interpreted as a MPB since its energy at small k‖ almost coincides
with the LPB energy at large k‖. Furthermore, as already mentioned above, its energy
starts to increasewhere the twomodes are close to each other. Thismeans that beside the
strong coupling of the cavity-photonswith the free excitons also a coupling between the
cavity-photons and the bX takes place in this microresonator. It should be mentioned,
that the anti-crossing of the two modes cannot be seen directly in the spectrum but it
is resolved by the line shape analysis of the recorded spectrum. Responsible for the
strong overlap of the emission peaks of the two modes is their large broadening. It
should be mentioned that the mode splitting is in the same order as the uncertainty of
the estimated mode energies so that a crossing of the two modes and therewith a weak
coupling between the bX and the cavity-photons cannot be excluded. Nevertheless, in
the following discussion the two modes will be denoted as LPB andMPB, i.e. the mode
with the lower energy is denoted as LPB whereas the one with the higher energy is
denoted as MPB.
In the reflectivity spectrum (Fig. 8.3b) only the LPB but no MPB is observed and
the LPB converges to the energy of the free exciton. Responsible for this might be
that the small oscillator strength of the bX leads to a small absorption. Therefore the
MPB is weakly pronounced and the non-ideal shape of the Bragg stop band prevent
the observation of the MPB. However, in absorption spectra this branch should be
observable and at the (anti)crossing point of the two branches a change in the absorption
should be observable. Note, that in contrast to the PL measurements, an occupation of
the branch does not occur. The difference in the dispersion of the LPB between these
two experiments indicates, that absorptions effects, caused by the low energy tail of the
density of states within the photonic gap, are unlikely to be responsible for the observed
dispersion of the LPB in the PL spectra.
A coupling with the Bragg Band-edge mode, as reported by F. Medard et al. [39, 170]
and S. Faure [38] was not observable in the PL and in the reflectivity spectra.
Occupation of the exciton-polariton states
A further hint for the presence of the strong coupling between the bX and the cavity-
photons is found from the dependence of the occupation of the LPB and MPB on the
in-plane wave vector. The integrated PL peak intensity I of the polariton modes is
related to the corresponding occupation of the states. For both modes, I was obtained
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Fig. 8.3.: The photoluminescence (a) and reflectivity (b) spectra (false colour scale) of the mi-
croresonator WR at T = 10K for a detuning of ∆ ≈ −70meV. A middle polariton
branch (MPB) is observable in the photoluminescence spectra only whereas the lower
polariton branch (LPB) can be seen in both measurements. The corresponding un-
coupled modes of the cavity-photons (Cav), free excitons (X) and bound excitons (bX)
was indicated by the dashed lines. BBE denotes the Bragg band edge mode. (c) The
photoluminesence spectrum for some selected emission angles. The vertical dashed
lines at E = 3.36 eV and E = 3.378 eV indicate the energies of the bX and the free
exciton, respectively. (d) The same as in (c) but for the reflectivity spectrum.
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by a line shape analysis and is shown as a function of k‖ in Fig. 8.4. For all in-plane
wave vectors, the integrated peak intensity of the LPB peak is much larger than for
the MPB, which indicates a larger occupation of the LPB than of the MPB. This can be
explained by the fact, that the exciton-polaritons mainly relax into the lowest energy
states and therewith into the LPB. For both branches the integrated peak intensity of
the corresponding PL peaks at small in-plane wave vectors is nearly constant. At the
bottleneck region the peak intensity reaches a maximum for both branches. Here the
exciton-polaritons accumulate due to their diminished scattering probability caused
by the large change of the curvature of the dispersion which hinders the energy and
momentum conservation during the scattering event. This effect is more pronounced at
largenegativedetunings as it is the case herewith∆ ≈ −70meV (cf. Sec. 9). Although the
behaviour of the corresponding integrated peak intensity of the two polariton peaks is
similar to each other, some differences can be observed. On the one hand, themaximum
of I is found for the LPB positioned at an smaller in-plane wave vector compared to
the MPB. On the other hand, for large in-plane wave vectors, I of the LPB is smaller
than that at small in-plane wave vectors (about a factor 4) whereas the area of the
MPB is nearly the same for small and large in-plane wave vectors. Responsible for the
difference in the position of the maximum might be the fact that the appearance of the
bottleneck region is slightly different for the two modes, as expected. For the LPB, the
bottleneck region appears at slightly smaller in-plane wave vectors than for the MPB.
The exciton-polaritons at the bottleneck region of the MPB can relax into the LPB with
a similar in-plane wave vector and then they accumulate at the bottleneck region of
the LPB. Additionally, the large broadening and the small energy separation between
the two modes causes a large uncertainty in the determination of the peak area of the
MPB. The smaller area of the LPB for large in-plane wave vectors compared to that
one for small in-plane wave vectors can be attributed to the fast relaxation of the hot
exciton-polaritons into the bottleneck region [25, 126].
These findings support the assumption of the presence of the strong coupling regime
for the bX in thismicroresonator. Assuming theweak coupling regime for the bX at large
in-plane wave vectors (above the crossing point) the mode which is denoted as MPB
would represent the LPB and the mode which is denoted as LPB would be correspond
to the mode of the uncoupled bX. This mode would be not involved in the relaxation
process of the hot exciton-polaritons and therefore the highest peak intensity would be
expected for the LPB which is, in this scenario, the mode with the higher energy for
large in-plane wave vector. Assuming the weak coupling regime, this is indicated as
dashed lines in Fig. 8.4. As can be seen, the experimental results are not confirmed.
Broadening
Thedependenceof the broadening on the in-planewave vector of thepolariton branches
provides also useful information about the coupling mechanism in the microresonator.
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Fig. 8.4.: (a) The dispersion of the lower polariton branch and the middle polariton branch shown
in Fig. 8.3. (b)The integrated PL peak intensity (I) of the lower polariton branch (LPB)
and of the middle polariton branch (MPB) obtained from the line shape analysis of
the corresponding PL spectrum (symbols) in dependence on the in-plane wave vector
(logarithmic scale). The dashed line is a guide for the eye and indicates the expected
dependence of I of the two observed PL peaks if the coupling between the cavity-
photons and the bX is negligible. The microresonator and detuning is the same as in
Fig. 8.3.
Hereby it has to bementioned that the line shape analysis of the exciton-polaritonmodes
yields a Voigt profile1 instead of a purely Lorentzian one. The last one is expected for
an ideal microresonator since the line shape of the corresponding uncoupled modes
is a Lorentzian in the case of negligible disorder effects or inhomogeneous scattering
processes. However, non-idealities, such as thickness inhomogeneities (cf. Sec. 6),
scattering of the excitons with electrons or at impurities and inhomogeneous strain
can lead to an additional Gaussian broadening of the uncoupled modes. Therefore
the entire broadening of the uncoupled modes have a Voigt profile and therewith the
coupled modes, too. The origin of the Gaussian broadening is for both uncoupled
modes, the excitonic and photonic ones, different. Therefore the contribution of the
Gaussian broadening depends on the in-plane wave vector since the photonic and
excitonic fraction of the polariton branch depends on k‖. The entire broadening Γ of
the LPB as well as the corresponding Lorentzian γ and Gaussian σ one are shown in
Fig. 8.5 for the s-polarised emitted photons as a function of the in-plane wave vector.
1The Voigt profile is obtained by a convolution of a Lorentzian and a Gaussian function.
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For the homogeneous broadening (Lorentzian) two regimes are observable. In the first
one, at small in-plane wave vectors (k‖ < 0.9 × 107m−1), γ remains nearly constant and
is found to be 4meV, which indicates that the broadening of the free exciton mode and
the cavity-photon mode is similar2. This finding is confirmed by the results at different
detunings (cf. Sec. 8.2). For larger in-plane wave vectors (k‖ > 0.9 × 107m−1, second
regime) a strong increase of γ is observable, reaching a value of about 11meV. This
increase is attributed to the fact that for these in-plane wave vectors the fraction of the
bX becomes dominant. The steepness of the increase is an indication that the coupling
between the cavity-photon and the bX is much weaker than that with free excitons,
since for large coupling strength of the bX a smooth increase would be expected. In the
uncoupled regime a sharp increase (step like) would be expected.
As mentioned above the inhomogeneous broadening of the two uncoupled modes
has different origins and therefore two regimes are observable for the inhomogeneous
broadening of the LPB. In the first one (k‖ < 0.7 × 107m−1), σ increases with increasing
in-plane wave vector. Responsible for this may be the fact, that with increasing in-plane
wave vector, and therewith increasing emission angle, the diameter of the area on the
sample surface from which the light is collected increases. Therefore, the thickness
variation of the cavity and therewith the energy variation of the microscopic photon
mode which leads to an increase of σ with k‖. An additional contribution to σ can be
considered by a thickness inhomogeneity of the cavity layer (cf. Sec. 6). For larger in-
plane wave vectors (k‖ > 0.7 × 107m−1, second regime), σ decreases. On the one hand,
the increasing spot diameter on the surface with increasing k‖ enhance σ comparable
to the first regime. On the other hand, the character of the exciton-polaritons changes
in this regime: from more photonic to more excitonic (cf. 8.6). Therefore, the impact
of the inhomogeneous broadening of the cavity-photon mode on the entire broadening
of the LPB decreases with increasing in-plane wave vector. In this regime the impact
of the inhomogeneous broadening of the exciton mode of the LPB becomes dominant,
which is in the case of the microresonator presented here much smaller than the ho-
mogeneous one. Furthermore, it should be noted that at large in-plane wave vectors
the low peak intensity and the large broadening of the exciton-polariton peak causes a
large uncertainty in the separation of the entire broadening into its homogeneous and
inhomogeneous parts. However, there is still a tendency observable that the inhomo-
geneous broadening decreases with increasing in-plane vector. The entire broadening
increaseswith increasing in-planewave vector in general. However, for an intermediate
in-plane wave vector (k‖ ≈ 1.1 × 107m−1) a second minimum is observable which can
be attributed to the contrary dependence of the γ and σ on the in-plane wave vector.
For theMPB it was not possible to separate Γ into γ and σ due to the large uncertainty
caused by the small peak intensity. Therefore, only the entire broadening Γ of the MPB
2The spectral resolution of the spectrograph was about 1meV, which is well below the the observed
4meV of the observed entire broadening
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Fig. 8.5.: (a) Photoluminescnece spectrum of the microresonator WR at normal emission at
T = 10K and ∆ ≈ −70meV. The black squares represent the experimental data and
the red solid line the description of the PL by line shape analysis. The contribution
of the lower polariton emission is shown as red dashed line. (b) The dependence of
the entire broadening (black squares) of the emission from the lower polariton branch
on the in-plane wave vector. The associated Lorentzian part (γ) and Gaussian part
(σ) of the broadening are shown by blue and red squares. The blue solid line shows
the calculated dispersion of the broadening. (c) The entire broadening of the middle
polariton branch.
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is shown in Fig. 8.5. Γ remains constant for small in-plane wave vectors whereas for
large k‖ a decrease with increasing k‖ was found. The inset of the decrease occurs at
an in-plane wave vector, where both branches (LPB and MPB) are energetically close to
each other. Responsible for this might be that the branch becomes more photonic.
Coupling strengths and Hopfield coefficients
In order to obtain the coupling strengths between the cavity-photons with the free
excitons and the bX the dispersionof theLPB and theMPBwas described semiclassically
by using a 3× 3 HamiltonianHc taking into account the complex energies (E˜i = Ei − iγi)
of the uncoupled modes. The dispersion of the coupled modes in energy and as well
as in lifetime as a function of k‖ is obtained. Here, the real part of the complex energy
denotes the mode energy and the imaginary part the corresponding broadening which







The abbreviations E˜C, E˜X, and E˜bX are the complex energies of the cavity-photon mode,
of the free exciton as well as of the bound exciton, respectively, whereas Vi represents
the coupling strength of the i-th excitonic state with the cavity-photon mode. For both
types of excitons a flat dispersion in themomentum spacewas assumed, i.e. E˜X, and E˜bX
are set to be constant for the investigated range of k‖. The dispersion of the uncoupled
cavity-photon mode was calculated by using the approach presented in Sec. 4 and
using the refractive indices which were determined by SE on similar structures3. Since
the non-idealities of the microresonator, such as interface roughness, will reduce the
lifetime of the cavity-photons, a non-ideality parameter α was introduced. That means
the broadening of the cavity-photons according to Eq. 4.1b is given by γC ∝
√
αRtRb.
For the presented microresonator, the magnitude of α is typically 0.98.
The calculated dispersion (energy and broadening) of the coupled and uncoupled
modes are shown in Fig. 8.3a and Fig. 8.5b. A good agreement with the experimen-
tal data is observable. Only for large k‖, the calculated broadening of the bX differs
slightly from the experimental one, 9meVcompared to 12meV. This can be attributed
to the uncertainty of the broadening value obtained from the dispersion calculation as
well as to the uncertainty of the determined broadening from the line shape analysis
attributed to the small energy splitting of the LPB and the MPB. Further, inhomoge-
neous broadening effects and an incipient absorption caused by the low energy tail of
the optical transitions of density of states in the band gap near spectral range can be
3In the case of the refractive index of ZnO, the excitonic contribution was removed as described in Sec. 3.3
in order to avoid coupling effects.
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V ΓX γC
(meV) (meV) (meV)
X 42 4 3
bX 5 9 3
Tab. 8.1.: The coupling strength V and the broadening of the excitons (ΓX) as well as of the
cavity-photons (γC) for the microresonator WR.
possible and lead to an additional broadening contribution which are not taken into
account by the used model. The obtained coupling strength and the broadening of the
uncoupledmodes are summarized in Tab. 8.1. The mode splitting between the LPB and
the bX related branch was determined to be about 1meV. This is much smaller than
the broadening of the uncoupled exciton modes which were determined to be 4meV
and about 9meV for the free exciton and bX, respectively. The corresponding coupling
strengthswere determined to be 42meV and 5meV, respectively. The small broadening
of the free excitons can be attributed to the fact, that the broadening of the LPB is mainly
determined by the homogeneous broadening of the excitons if the difference in the
exciton energy and the LPB energy is larger than the inhomogeneous broadening [171]
(cf. Sec. 8.2). From these findings, the condition for the strong coupling (4V >
∣∣∣ΓX − γC∣∣∣
[113]) is obviously fulfilled for the free excitons. The condition holds also for the cou-
pling with the bX for the mean values shown in Tab. 8.1. However, the uncertainty of
the determined coupling strength and the broadening are in the order of the coupling
strength itself, so that this condition can also be not fulfilled. A stronger condition for
the strong coupling regimewas given by F. Laussy et al.[172] for QD inmicroresonators,
which considers beside the lifetime also the pumping rate of the QD excitons and of the
cavity-photon. Thereby they found, that even if the above condition is fulfilled, the QD
can be in the weak coupling regime due to a too strong pumping. A determination of
the corresponding pumping rates for this microresonator is difficult due to the involved
coupling of the free excitons with the cavity photons and the strong overlap of the two
branches. Furthermore, the expected uncertainty of the determined rate would be very
large so that the theory does not give further information about the coupling mecha-
nism. Therefore from the determined coupling strengths and broadening values of the
uncoupled modes the strong coupling regime could be only confirmed rigorously for
the coupling of the free excitonswith the cavity-photons. For the coupling of the bXwith
the cavity-photons, the obtained dispersions of the LPB and MPB, their luminescence
peak intensity and the obtained coupling strength and broadening values support the
strong coupling regime but the broadening is much larger than the coupling strength.
Such a regime is usually denoted as an intermediate coupling regime. Nevertheless in
the following, the bX related mode will be denoted as MPB.
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The knowledge of the coupling strengths allows to deduce the fractions of the in-
volved uncoupledmodes of the entire coupled modes, which are given by the Hopfield
coefficients. For the presented LPB and MPB the corresponding Hopfield coefficients
are shown in Fig. 8.6. As expected, for small in-plane wave vectors the properties of the
LPB are mainly determined by the properties of the uncoupled cavity-photon mode,
whereas the MPB is mainly determined by the properties of the bX. With increasing
in-plane wave vector, the photonic fraction of the LPB decreases and the excitonic one
increases. The increase of the contribution of the free excitons is much stronger than
that of the bX for in-plane wave vectors smaller than k‖ ≈ 1.1× 107m−1 due to the much
lower coupling strengthof the cavity-photonswith the bX compared to that onewith the
free excitons. For larger in-plane wave vectors the properties are mainly determined by
the properties of the bX as expected since the LPB converges to the energy of the bX. For
theMPB, the excitonic properties dominate for all in-plane wave vectors (dashed line in
Fig. 8.6): for small k‖ those of the bX whereas for large k‖ that of the free exciton. Only
at the (anti)crossing point, a weak enhancement of the photonic fraction and therewith
a reduction of the total excitonic fraction is obtained.
8.1.2. Dispersion of the exciton-polaritons at T = 290K
The recorded PL and reflectivity spectra at T = 290K for ∆ ≈ −20meV are shown in
Fig. 8.7. Thereby it has to be mentioned that the position of the spot on the microres-
onator and therewith the detuning and energy differs slightly from each other due to
the change of the experimental setup. At this temperature, only onemode is observable
within the Bragg stop band in both measurements which can be assigned to the LPB. A
bXmode like that found for T = 10K is not observable in the PL spectra. A comparison
with the exciton-polariton modes at low temperature (Fig. 8.2) yields, that the broad-
ening of the polaritons mode is enhanced by the temperature, caused by an increase of
the exciton broadening.
Although only one cavity-photon mode appears in the recorded PL and reflectivity
spectra, there are indications that more than one excitonic state is involved in the light-
matter coupling. On the one hand, the LPB converge in both experiments to slightly
different energies. In PL spectra an energy of about E ≈ 3.3 eV is found for the LPB at
large in-plane wave vectors, whereas in the reflectivity spectra the LPB converges to an
energy of about E ≈ 3.316 eV. This behaviour is similar to that observed for low temper-
atures for the dispersion of the LPB in both PL and reflectivity experiments. Therefore,
from the findings obtained for T = 10K this indicates that more than one excitonic states
is involved in the light-matter coupling. On the other hand, the dispersion of the LPB
in the PL spectra cannot be described sufficiently accurate by a 2 × 2 model, i.e. taking
only the coupling between one exciton and one cavity-photon mode into account for
all recorded detunings, if for all detuning cases the same exciton energy and coupling
strength are assumed. This is due to the fact, that the LPB exhibits a strong change in
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Fig. 8.6.: (a) The energy dispersion of the lower and middle polariton branch in energy (same
properties as in Fig. 8.3). The squares denotes the mode energies obtained from the
line shape analysis and the red solid lines the calculated dispersion. (b) and (c) The
fraction of the free exciton (X), bound exciton (bX) and cavity-photon (Cav) on the
LPB and MPB, respectively. The whole excitonic contribution (exc, H2exc = H2X +H2bX)
is shown as dashed line.
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its curvature, especially for large positive detunings, when it comes close to an energy
of about 3.3 eV (cf. Fig. 8.9). This change cannot be well reproduced applying the 2 × 2
coupling model. To illustrate this, the “best” match of this model is demonstrated by
the dashed line in Fig. 8.7. The coupling strength was determined to V ≈ 30meV.
This means the coupling strength would decrease from V ≈ 42meV at T = 10K to
V ≈ 30meV at T = 290K. This decrease of the coupling strength is much stronger
than that which would be expected based on the investigations of the microresonator
uvPR up to T = 550K (cf. Sec. 8.3). Therefore the LPB dispersion observed in the PL
spectra cannot be described by a 2× 2 Hamiltonian and the coupling with two excitonic
particles is more probable. Responsible for the fact, that the excitonic mode with the
lowest energy is not observable in the reflectivity spectra might be the fact that it has a
small contribution to theDFwhich leads to a smallmode densitywithinmicroresonator.
Additionally, the non-ideal shape of the Bragg stop band and of the exciton-polariton
mode prevent the observation of this mode at the crossing point. A further point is that
this mode couples weakly to the cavity-photon mode.
Taking a light-matter coupling with two excitonic states into account, the observed
dispersion of the LPB can be described very well for all detunings (cf. Fig. 8.9) and
choosing the range of the cavity thickness within the confidential limit. For the deter-
mination of the coupling strengths, energy and broadening of the uncoupled modes,
all investigated detuning regimes were analysed simultaneously. The excitonic proper-
ties and coupling strengths were assumed to be equal for all detunings. Furthermore,
the same broadening value for the two excitonic modes has been assumed due to the
limited data set. The energies of the excitonic states were determined to be 3.305 eV
and 3.318 eV with coupling strengths of ≈ 4meV and ≈ 37meV, respectively. Based on
the determined coupling strength of the excitonic state with an energy of 3.318 eV, this
state can be assigned to the free exciton. Furthermore, the observed LPB in the reflec-
tivity spectra converges to this energy analogue as for T = 10K. This exciton energy is
slightly larger than that which would be expected from SE measurements which yields
usually the value of ≈ 3.31 eV for the ZnO A-exciton. Beside the uncertainty of the
determined energy of ≈ ±5meV, the energy separation of the ZnO A- and B-exciton is
small compared to the broadening which can lead to an effective coupling of both exci-
tonic mode to the cavity-photons. Here, the term “effective” means, that interactions of
both excitons with the cavity-photons are described by one “effective” exciton.
To the other excitonic state at an energy E ≈ 3.305 eV ± 0.003 eV corresponds a cou-
pling strength which is similar to that of the bX at T = 10K. Therefore, this state is
denoted as bX, too. Note, that it is unlikely, that the excitonic state at an energy of
E = 3.305 eV is related to the A-ZnO exciton and that state with E = 3.318 eV is related
to the ZnO B-exciton, since their exciton oscillator strengths are similar [80, 161] and
therewith their coupling strength should be similar, too. The broadening of the LPB
is shown in Fig. 8.7 for the s-polarisation. Here it should be mentioned, that for the
determination of the coupling strength, the experimentally observed broadening well
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Fig. 8.7.: Photoluminescence (a) and reflectivity spectrum (b) of the microresonator WR at T =
290K for a detuning of ∆ ≈ −20meV. (c) Dispersion of the lower polariton branch
(LPB). The best match of the calculated LPB dispersion is shown as red line for the
coupling with one excitonic state (dashed line) and two excitonic states (solid line). (d)
Broadening of the lower polariton branch. For the calculation of the broadening, only
the values indicated by the filled symbols were taken into account.
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below the excitonic resonance (≈ 30meV) was taken into account. This was done since
it was found that when the LPB mode close to the excitonic resonance it exhibits an ad-
ditional inhomogeneous broadening which cannot be described by the applied model
(cf. Sec. 8.2.2). Therefore, the observed and the calculated broadening does not agree
with each other for mode energies E > 3.29 eV. Using this assumption, the broadening
value of the excitonic modes was determined to ΓX ≈ 34meV which fulfils the classical
condition for the strong coupling with free excitons. For the bX, the weak coupling
regime exists.
8.1.3. Discussion
The results of the investigation of the exciton-polariton dispersion of theWR indicates
that beside the light-matter coupling with the free excitons a further excitonic state
couples to the cavity photon mode. The origin of this excitonic state is not known at
present. However, there are two possible explanations: a coupling of the cavity-photon
mode with the D0X or with the SX.
The first one is supported from the findings at T = 10K. Here, energy of the MPB at
k‖ = 0 and the energy of the LPB for large k‖ is close to that of the D0X. Responsible for a
possible coupling of the cavity-photonswith the D0X in thismicroresonator might be an
enhanced concentration of the D0X caused by the preparation. This microresonator was
deposited at low temperatures and afterwards annealed. This annealing can enhance
the D0X concentration by a diffusion of aluminium atoms from the Al2O3 layer into
the cavity. Furthermore this might support the accumulation of impurities at grain
boundaries so that the wave function of the D0X can overlap more easily. However,
the results obtained at RT makes such a coupling unlikely. At RT, the thermal energy
is larger than the binding energy to donors, so that D0X are usually not observable at
RT. Responsible for the observation of D0X at room temperature might be, that bound
excitonic states exist in principle. However, they are not stable and decay very fast.
Due to the microresonator structure these states can interact before they decay. Since
the lifetime of the D0X at this temperature is much smaller than the lifetime of the
cavity-photons this interaction is weak.
The second possibility is supported from the findings at RT. Here SX should exist
also, since the change in the difference in the potential within the crystal and at the
surface occurs also for T = 290K. The influence of the surface related layer to the
optical response was seen up to this temperature {S[153]}. Due to the design of the
microresonatorWR, the coupling of the cavity-photons with the SX should be possible
as mentioned above. The observed small coupling strength can be explained due to the
small active volume of these SX. However, at T = 10K the energy of the LPB at large k‖ is
close to that of the D0X, which does not support the assumption that the cavity-photons
couple with the SX, since the energy of the SX was found to be slightly larger than that
of the D0X.
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Besides these two bound excitons, a coupling with biexcitons might be possible,
too. However, these biexcitons usually occur at large excitation densities in ZnO thin
films, which are not used in these experiments. Therefore, this coupling is unlikely.
If two or three of these excitonic modes are present (D0X, SX, and biexciton) their
photoluminescence peaks strongly overlap with each other. This is due to their large
broadening and the fact that they have similar energies, so that a separation between
these two excitonic states cannot be resolved. Especially for large k‖, a change in the SX
or biexciton dispersion is covered by the D0X.
A detailed understanding of the nature of the bXwhich couples to the cavity-photons
was not possible during this work. The influence of the D0X and their concentration
have to be investigated in detail. For this purpose, the microresonator has to be cleaved
before the deposition of the top BR takes place. This ensures that the ZnO-cavity
of the complete and “open” microresonator has the same properties and allows the
determination of the concentration of the D0X , e.g. by Hall effect measurements, as
well as their energy. Furthermore, the determination of the absorption as a function of
k‖ will also provide useful information and a proof for the coupling. For this double
side polished substrates instead of the used single side polished ones are necessary. In
order to exclude a coupling between the SX and the cavity-photons the microresonator
design has to be changed, so that the antinode of the electric field occurs at the centre of
the cavity. For this purpose, the BR materials have to be changed, so that the refractive
index BR material neighbouring the cavity is lower than that of ZnO. Time resolved PL
measurements would be also a useful tool, especially in the context of the biexciton,
since the lifetime of the biexciton should be half of the exciton lifetime.
8.2. Exciton-polariton dispersion as a function of the
detuning
As mentioned in Sec. 2.4 the energetic difference of the uncoupled modes determines
the character of the exciton-polaritons and therewith the dispersion of their branches.
For zero in-plane wave vector, this difference is known as detuning4 ∆ = EC(k‖ = 0) −
EX(k‖ = 0). Since for large in-planewave vectors the exciton-polaritons of the LPB k‖ are
mainly excitonic, the shape of the LPB dispersion can be altered by the cavity-photon
energy. This energy is inversely proportional to the thickness of the cavity (cf. Fig. 2.5).
Thatmeans, thatwith decreasing thickness of the cavity the energyof the cavity-photons
increases and therewith the detuning, too. Therefore, the wedge-shaped cavity of the
microresonatorWR allows to change the detuning of the microresonator by a variation
of the spatial position on the microresonator. The dependence of the energy of the LPB
4Due to the low coupling strength between bX and the cavity-photons, only the energydifference between
the free exciton and the cavity-photon will be considered as detuning.
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at zero in-plane wave vector on the detuning is shown in Fig. 8.8 for a temperature of
T = 10K. The mode energy can be varied up to ∆E ≈ 60meV on this microresonator,
which corresponds to a variation of the detuning of −70meV . ∆ . +50meV at
T = 10K.
8.2.1. Energy
For selected detunings, the dispersion of the LPB is shown in Fig. 8.8a and Fig. 8.9a
for a temperature of T = 10K and T = 290K, respectively, for the s-polarised emitted
light. As expected, for small in-plane wave vectors the dispersion of the LPB is strongly
parabolic at large negative detunings. With increasing detuning (to positive values) the
dispersion of the LPB becomes flat. For large in-plane wave vectors, the LPB converges
for all detunings to an energywhich is close to that of the bX (cf. Sec. 8.1). Therefore, the
strongest change in the dispersion of the LPB is observed for large negative detunings
and the inflexion point shifts to smaller in-plane wave vectors. This dependence of the
LPB on the detuningwill have a strong effect on the relaxation of hot exciton-polaritons
into the ground state as shown in Sec. 9. Responsible for the observed dependence of
the LPB dispersion on the detuning is the change of the photonic and excitonic fraction
of the exciton-polaritons of the LPB. Exemplarily for larger negative (∆ ≈ −70meV)
and large positive detuning (∆ ≈ +50meV) the excitonic and photonic fraction (Hi) of
the exciton-polaritons of the LPB are shown in Fig. 8.8c-e as a function of the in-plane
wave vector. The general dependence of these fractions on the in-plane wave vector
is similar for all detunings and was already discussed in Sec. 8.1. Independently of
the detuning, the character of the exciton-polaritons of the LPB is mainly determined
by bX for large in-plane wave vectors. However at small in-plane wave vectors, with
increasing detuning the photonic fraction decreaseswhereas the excitonic one increases,
as expected. This leads to the observed increase of the exciton-polariton energy at zero
in-plane wave vector with increasing detuning. Due to the low coupling strength
between the bX and the cavity-photons, which is much lower than that of the free
excitons and the cavity-photons, the bX fraction of the exciton-polaritons of the LPB at
k‖ = 0 is very small even for large positive detuning and can be neglected. Therefore, the
properties of the exciton-polaritons at zero in-plane wave vector are mainly determined
by the properties of the free excitons and the uncoupled cavity-photons. This means,
that the dependence of the exciton-polariton energy at zero in-plane wave vector on the
detuning can be approximated by the coupling between the cavity-photons and the free
excitons only (Fig. 8.8e), by means of





∆2 + 4V2 (8.2)
which yields an average coupling of V ≈ 43meV which is close to that obtained by the
3 × 3 Hamiltonian. For the calculation, the effective energy of the free excitons was set
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to be EX = 3.378 eV.
The change of the curvature of the LPB with increasing detuning leads to a change
of the effective mass of the exciton-polaritons at the ground state (m−1eff ≈ ~−2∂2E/∂k2‖ ).
For the detunings in the experiment the corresponding exciton-polariton mass at the
ground state is shown in Fig. 8.10. An increase of the exciton-polariton mass from
meff ≈ 0.4×10−4m0 (∆ ≈ −70meV) tomeff = 2.0×10−4 m0 (∆ ≈ +60meV) with increasing
detuning is observed, since the excitonic mass (mex ≈ 0.9m0) is larger than the photonic
one. For large positive detunings, the temperature has an influence on the exciton-
polariton mass at the ground state, whereas for large negative detunings this mass is
not affected by the temperature. This can be related to the fact, that for large positive
detuning the LPB at k‖ = 0 is close to the band-gap energy. This spectral region depends
strongly on the tail of the band-band-transition which depends on the temperature.
8.2.2. Lifetime
T = 10K
The detuning has not only an influence on the energy, but also on the lifetime. For
selected detunings, the broadening of the exciton-polaritons of the LPB is shown in
Fig. 8.9 for temperatures T = 10K and T = 290K. At low temperatures (T = 10K), the
broadening of the exciton-polariton mode remains nearly the same for all detunings
and small in-plane wave vectors. Only for large in-plane wave vectors a steep increase
of the broadening to that of the bX is observable as discussed in Sec. 8.1. The in-plane
wave vector at which the steep increase of the broadening occurs (k‖ < k‖,bX) shifts
to smaller values with increasing detuning. Responsible for this finding is that the
in-plane wave vector, at which the properties of the bX becomes dominant, decreases
with increasing detuning (Fig. 8.8c-d). For in-plane wave vectors below the sharp
increase of the broadening (k‖ < k‖,bX), the properties of the exciton-polaritons of the
LPB are mainly determined by the properties of the free excitons and of the cavity-
photons as can be seen from the squared Hopfield coefficients. For a given detuning,
the fraction excitonic properties on the exciton-polaritons increases with increasing
in-plane wave vector whereas the photonic one decreases. Therefore, the constant
Lorentzian broadening below k‖,bX, where the contribution of the bX on the properties
of the exciton-polaritons can be neglected, indicates that the lifetime of the uncoupled
excitons and cavity-photons is similar. This means that the broadening of the free
excitons as well as that of the uncoupled cavity-photons is about 4meV. This finding
is supported from the dependence of the Lorentzian broadening on the detuning, since
the fraction of the excitonic and photonic contribution on the LPB changes asmentioned
above. In contrast to the large negative detuning case, the properties of the exciton-
polaritons are mainly determined by the excitons for large positive detunings, even at
k‖ = 0. Thereby for the (Lorentzian) broadening a value of about 3meV was obtained

































































































Fig. 8.8.: Properties of the s-polarised LPB of the microresonator WR at T = 10K. The disper-
sion of the lower polariton branch in energy (a) and broadening (b) as a function of
the in-plane wave vector for different detunings. (c) - (e) The photonic (HCav, c) and
fraction of the free excitons (HX, d) and the fraction of bound excitons (HbX, e) of the
LPB for a detuning of ∆ = −70meV and ∆ = +50meV. (f) The observed LPB energy
at k‖ = 0 as a function of the detuning (black squares). The red solid line represents
the calculated lower polariton energy at k‖ = 0m−1 taking into account only the cou-
pling between the free excitons and the cavity-photons (Eq. 8.2). This results in an
averaged coupling strength of V ≈ 43meV. (g) The entire (Γ, black), Gaussian (σ, red)
and Lorentzian (γ, blue) broadening of the lower-polariton mode at k‖ = 0.
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Fig. 8.9.: The same as in Fig. 8.8 but for a temperature of T = 290K. Note, that for the broad-
ening only the calculated “homogeneous” broadening is shown in (b) (see text). The
broadening values which are used for the calculation is indicated in (b) as filled sym-
bols.
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for large positive detuning (∆ ≈ 50meV). This is quite similar to that one observed for
large negative detuning and suggest that the broadening of the uncoupled modes are
similar, since the broadening of the corresponding uncoupledmodes can be assumed to
be independent of the detuning, because on the one hand, the broadening of the exciton
mode is determined by the crystal quality and on the other hand, the broadening of the
cavity-photonmode is determined by the reflectivity of the BR (cf. Fig. 2.5 and Eq. 4.1b).
Additionally, the tendency of the decrease of the broadening of the exciton-polariton
mode at k‖ = 0m−1 for increasing ∆ indicates that the broadening of the exciton mode
is smaller than that of the cavity-photons, i.e. the lifetime of excitons is larger than that
of the cavity-photons. This tendency and the small broadening of the exciton mode is
confirmed also by the results obtained from the line shape analysis (cf. Tab. 8.1). For
large in-plane wave vectors the broadening of the exciton-polaritons converges to that
of the bX (≈ 12meV). By the analysis of the dispersion a value for bX broadening of
about 9meV was obtained. The different values in the determined broadening for the
bX and the free excitons can be attribute to the fact that they are two different kinds
of excitons: the free excitons can propagate through the crystal. In contrast to that,
the bX are “localized”. In the case of the D0X they are localized to an atom and in
the case of the SX, they are limited by the surface near region. In both cases their
broadening is mainly determined by their energy distribution. Furthermore, it cannot
be excluded that both bX are superposed, which cannot be explored due to the large
broadening. This leads to an enhancement of the entire bX mode. Nevertheless, the
obtained small broadening of the free excitons is an surprising result. ForZnO thin films
deposited under similar growth conditions the broadening of the D0X was determined
to be 8meV . . . 11meV. Furthermore, in ZnO thin films, the broadening of the free
exciton mode is larger than that of the D0X, i.e. ΓX ≤ ΓD0X is expected. Responsible for
the differences in the broadening value of the free excitons deduced from the exciton-
polariton dispersion and the expected broadening based on the broadening of the D0X
can be the fact, that the broadening in ZnO thin films is composed of an homogeneous
and an pronounced inhomogeneous contribution. Especially at low temperatures, the
inhomogeneous broadening dominates, which causes the observed large free exciton
broadening in thin films. In the strong coupling regime, the situation changes: For
GaAs-based QW microresonators Houdré et al. [171] have found, that the broadening
of the exciton-polariton mode is mainly determined by the homogeneous broadening
of the corresponding uncoupled modes if the energy separation between the exciton-
polariton and the corresponding uncoupled mode which exhibits an inhomogeneous
broadening is larger than the inhomogeneous broadening. In the case of the exciton-
mode this condition is typically fulfilled at low temperatures and the determined value
of 4meV for the excitonmode can be attributed to thehomogeneous exciton broadening.
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Fig. 8.10.: The effective mass of the exciton-polaritons at zero in-plane wave vector as function
of the detuning. The mass was deduced from the LPB dispersion of the microres-
onator WR.
T = 290 K
With increasing the temperature, the lifetime of the excitons decreases since the cou-
pling to the phonon bath becomes more effective, which leads to an increase of the
homogeneous broadening. The inhomogeneous broadening remains nearly the same.
Therefore, at high temperatures T > 130K the broadening is dominated by the ho-
mogeneous one. In contrast to the entire broadening of the exciton, the lifetime of
the cavity-photons remains almost independent of the temperature since it is mainly
determined by the reflectivity value of the BR at the Bragg stop band. Therefore, the
lifetime of the exciton-polaritons decreases with increasing temperature caused by the
decrease of the homogeneous exciton lifetime. Caused by the large exciton broadening
at elevated temperatures, the broadening of the LPB depends strongly on the detuning.
As can be seen in (Fig. 8.9b and d), the dependence of the broadening of the LPB varies
in dependence on the detuning. For the largest negative detuning (∆ ≈ −30meV) and
k‖ = 0m−1 a broadening of about 12meV is obtained, whereas for largest positive detun-
ing with∆ ≈ +60meV the broadening increases to 44meV. Since the broadenings of the
uncoupled modes differ strongly from each other, an increases of the exciton-polariton
broadening with increasing in-plane wave vector is observed for all detunings. For
larger in-plane wave vectors broadening values of about 60meV . . . 70meV were ob-
tained.
It has to be mentioned that only the entire broadening of the exciton-polariton peak
is shown. For large in-plane wave vectors an overlap with the Bragg band edge mode
takes place and the strong correlation between the shape of exciton-polariton peak and
the properties (amplitude, energy and broadening) of the Bragg band edge mode for
large in-plane wave vector prevent a deconvolution of the exciton-polariton mode into
the associated Lorentzian and Gaussian part.
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From the obtained FWHM values the broadening of the excitons can be roughly
estimated by
γ = H2CγCav +H2XΓX . (8.3)
Using the cavity-photon broadening γC = 3meV determined at T = 10K and the
Hopfield coefficients ofH2Cav ≈ 0.70andH2Cav ≈ 0.20 for∆ ≈ −30meVand∆ ≈ +60meV,
respectively, determined from the calculation of the LPB dispersion, the corresponding
broadening of the excitons is determined to 33meV and 53meV, respectively. Both
values differ remarkable from each other which should not be case. Furthermore, the
obtained exciton broadening for ∆ ≈ −30meV is much smaller than that of the LPB
at k‖ = 0 at ∆ ≈ +60meV which yield a value of Γ = 43meV. The last one would
indicate that the broadening of the exciton is larger than 43meV. Therefore, this rough
estimation of the exciton broadening leads to the conclusion that additional broadening
effects occur for the observed detunings even for k‖ = 0m−1 although the LPB at k‖ = 0 is
energetically far away (≈ 20meV) from the determined energy of the exciton resonance.
At T = 10K this energy difference was found to be large enough in order to avoid
inhomogeneous broadening effects for the LPB. Further, it has to be mentioned, that
the broadening of the excitons at T = 290K is mainly determined by the homogeneous
one. In order to remove the uncertainty in the determined Hopfield coefficients from
the dispersion calculation, one can also estimate an upper limit for exciton broadening
using the Hopfield coefficient HCav for the largest negative detuning at T = 10K.
Thereby an upper limit for the broadening is obtained, since the maximum negative
detuningwhich can be adjust on themicroresonator and therewithHCav decreases with
increasing temperature. Using this approximation, the same statement, that additional
broadening effects for LPB at k‖ = 0 have to be considered, is found.
For a GaAs-based bulk microresonator Fainstein et al. [173] observed a narrowing of
the exciton-polariton broadening at the resonance energy (crossing point of the uncou-
pled modes) due to the centre of mass quantisation. In this microresonator, the large
exciton mass leads to an overlap of the “quantised” modes with the exciton ground
state mode, so that the observed broadening of the exciton mode is enhanced by these
quantised modes. If the energy of the exciton-polariton modes is energetically lower
and far away (compared to the broadening of the exciton-polariton mode) from the
exciton energy an overlap with the quantised modes does not take place and the ob-
served broadening of the LPB is the mixture of the broadening of the exciton (ground
state mode) and that of the uncoupled cavity-photon mode. However, this effect can
be neglected at room temperature due to the large broadening of the excitons and the
weak pronounced quantised modes. Furthermore the large exciton mass (twice of that
in GaAs) leads also to a suppression of the quantised modes. For small temperatures
(T = 10K) this effectwas also not observed. Here a tendencyof an decrease of the broad-
ening with increasing detuning (to positive values) was observed and a minimum of
the broadening of the exciton-polaritonmodewas not obtained. It should bementioned
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that for QW-microresonators a narrowing of the broadening was also observed by the
potential landscape of the QW caused by e.g roughness and disorder, the so-called
motional narrowing [174, 175]. For typical semiconductors such narrowing effects are
weakly pronounced since the mass of the excitons is similar to the rest mass of the
electron. In contrast to that, the mass of the exciton-polaritons is about 4 . . . 5 orders of
magnitude smaller than that of the rest mass of an electron and the motional narrowing
gets more important [174]. For the presented microresonator, the effect of the motional
narrowing can be neglected since it does not contain QW as active medium. Further-
more, Ell et al. [176] demonstrated that the observed narrowing of the exciton-polariton
mode can also be described classically by the transfer matrix technique. Thereby the
narrowing is attributed to small local changes of the absorption coefficient in the energy
range between the LPB and the UPB. For large temperatures, the optical transition at the
band gap yields a quite large broadening (compared to that one at T = 10K) so that this
effect can be neglected. Furthermore, a narrowing of the exciton-polariton broadening
was not observed in our experimental data.
As the above discussed effects cannot explain the experimentally observed broaden-
ing properties, additional temperature dependent inhomogeneous broadening effects
might be responsible. The origin is not clear at present and may be correlated with the
nature of the bX. One of the observed excitonic state has such a large inhomogeneous
broadening, that it is has an influence on the broadening of the LPB even at k‖ = 0. Since
the presentedmodel takes into account the homogeneous broadening of the uncoupled
modes only, the observed broadening of the modes with an energy ELPB ≤ 3.29 eV were
considered (indicated as filled symbols in Fig. 8.9). For these energies it can be assumed
that the difference between the energy of the LPB and the exciton and/or bX is large
enough so that the broadening of the exciton-polariton mode is dominated by the ho-
mogeneous one of the corresponding uncoupled modes. In doing so, the broadening
as a function of the detuning at k‖ = 0m−1 can be well described and the homogeneous
broadening of the uncoupled exciton mode can be determined to be about 34meV.
Furthermore, the obtained Hopfield coefficients for the excitonic and photonic contri-
butions as well as the determined detuning range are in agreement with that one which
would be expected from the results at low temperatures and the dependence of the
uncoupled mode on the temperature (cf. Sec. 8.3).
For large k‖ the weak coupling with bX can be also responsible for the observed large
broadening. For the SX it was found, that their broadening is about 1.5 times larger
than that of the free exciton {S[153]}. However, in the calculation of the LPB dispersion,
the broadening for both excitonic states was kept the same due to the limited data set.
Beside the inhomogeneous broadening of the excitonic modes, absorption effects due
to the absorption tail of the exciton continuum and band-band transitions can also
be responsible for the large observed broadening for large in-plane wave vectors at
T = 290K. This should lead to an asymmetric exciton-polariton peak which is broader
at the high energy side. However, due to the overlap with the Bragg band edge mode
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it is impossible to confirm such asymmetry.
8.3. Strong light-matter coupling above room temperature
For ZnO-based microresonators the strong light-matter coupling regime was predicted
up to temperatures of about 610K [77]. In order to confirm this prediction, the ZnO-
basedmicroresonatoruvPRwas investigated in the temperature rangeT = 10K . . . 550K.
This microresonator was chosen for these experiments, since in contrast to themicrores-
onator WR a coupling of the bX was not observable in this microresonator which
simplifies the understanding of the exciton-photon coupling in this microresonator. As
mentioned in Sec. 3, the wide temperature range was realized by two setups: the first
one, 10K ≤ T ≤ 290K, with a cryostat the second one, 290K ≤ T ≤ 550K, with a hot
plate.
Exemplarily, for selected temperatures the PL and reflectivity spectra as a function of
the in-plane wave vectors are shown in Fig. 8.11. The LPB was observed up to 410K.
The LPB exhibit parabolic behaviour for small k‖ and converge to an energy which is
close to that of the free exciton for large k‖. For all temperatures the dispersionof the LPB
and broadening as a function of k‖ is shown in Fig. 8.11g and h, respectively. A decrease
of the energy of the LPB with increasing temperature is observable which is caused
by a decrease of the energy of the corresponding uncoupled modes. Furthermore the
dispersiongets flat since the temperature evolution of the twouncoupledmode energies
differs.
For the determination of the coupling strength, the LPBwas calculated using complex
energies. However in contrast to the previously used 3 × 3 Hamiltonian, only a 2 × 2
Hamiltonian was used since a coupling with the bound excitons was not observed in
thismicroresonator. Responsible for this resultmight be the different growth conditions
(cf. Tab. 3.1 in Sec. 3.1.2). Furthermore, indications for a coupling of the cavity-photons
with the Bragg band edge mode was not found. In order to reduce the uncertainty
of the obtained coupling strength and mode properties, the LPB obtained from the
PL spectrum and from reflectivity was analysed for all temperatures simultaneously.
Here, for each temperature in the corresponding temperature range, the same layer
thicknesses and the non-ideality parameter αwas used. The deviating layer thicknesses
and non-ideality parameter for the two temperature ranges are caused by the different
lateral spot position on the sample due to a change of the experimental setup (cryostat
and hot plate). The observed difference in the LPB energy and broadening at k‖ = 0m−1
are about ∆E ≈ 9meV and ∆Γ ≈ 4meV, respectively, due to lateral inhomogeneities.
Only the exciton energy and the corresponding broadening as well as the coupling
strength vary with temperature. The last one can differ for the PL and reflectivity
experiment [113]. This can be attributed to the fact, that in reflectivity measurements
the density of states is probed whereas in the PL measurements the radiative decay of
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the particles is measured and therewith the occupation of the states is probed.
The calculated dispersion as well as the broadening as a function of k‖ are shown in
Fig. 8.11 as solid and dashed lines for the coupled and the corresponding uncoupled
modes. The calculated and the experimental dispersion agree very well for all temper-
atures. From the calculated dispersion the exciton-photon coupling strength has been
estimated to be V = 51meV in PL and V = 55meV in reflectivity for 10K. By increasing
the temperature a slight decrease of the coupling strength is obtained, i.e. for T = 410K
the coupling strength was determined to V ≈ 43meV and V ≈ 35meV in the PL and R,
respectively. Responsible for the decrease of the coupling strength can be the decrease
of the exciton oscillator strength with increasing temperature [177]. For the broadening
of the exciton-polariton mode, differences between the experimental and the calculated
value for large k‖ was obtained. On the one hand, the used model considers only the
homogeneous broadening. However, if the LPB is close to the exciton-energy, the in-
homogeneous broadening of the exciton mode has to be considered as discussed in cf.
Sec. 8.2. On the other hand, the uncertainties in the determination of the broadening
from the experimental data increases with increasing temperature. Here, for large k‖,
the observed peak of the LPB exhibits an asymmetric line-shape which is caused by the
incipient overlap of the Bragg band edge mode and the LPB. This asymmetric lower
polariton peak prevents a deconvolution of the broadening into a Gaussian broadening
and a Lorentzian one. Since the mode of the LPB is weakly pronounced at high temper-
atures the spectra were recorded unpolarised. This leads to an additional contribution
to the asymmetric peak of the LPB.
The obtained coupled and uncoupled mode energies are shown as solid and dashed
lines, respectively, in Fig. 8.12 and Fig. 8.13 as a function of the temperature. By
increasing the temperature, the energy of the uncoupled modes decreases which can
be related to the decrease of the band gap energy. On the one hand, the exciton energy
decreases similar to the band gap energy (cf. 2.1.3). On the other hand, the decrease
of the band gap energy leads to a slight increase of the refractive index and therewith
decrease of the cavity-photon energy. The refractive index of the Bragg materials is
much less affected by the temperature (cf. Sec. 3.3.1) and therewith the decrease of
the cavity-photon energy with increasing temperature is weaker than the decrease of
the exciton energy. This leads to an increase of the detuning (to positive values) with
increasing temperature from ∆ ≈ −65meV at T = 10K to ∆ ≈ 7meV at 410K. Zero
detuning was observed at a temperature of about 380K.
The broadening of the LPB as a function of the temperature is shown in Fig. 8.13 for
the coupled and uncoupledmodes as solid and dashed lines. As discussed above and in
Sec. 8.2.2, the optical properties of the BR are nearly independent of the temperature and
therefore the broadening of the cavity-photon as well. For themicroresonator uvPR the
broadening of the cavity-photon of γC ≈ 9meV and γC ≈ 4meV was obtained for low
and high temperature range, respectively. The difference in the obtained broadening
value can be attributed to the lateral inhomogeneity of the sample which yields a
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Fig. 8.11.: Photoluminescence spectra in false color scale for a temperature of T = 10K (a),
T = 290K (b), and T = 410K (c), respectively. The reflectivity spectra for the
corresponding temperatures are shown in (d) - (f). The solid lines represent the cal-
culated dispersions of the coupled modes whereas the dispersion of the uncoupled
modes are shown as dashed lines. (g) The experimentally observed (symbols) and
calculated (solid lines) energy of the lower exciton-polariton branch for different tem-
peratures. (h) The same as in (g) but for the broadening.
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Fig. 8.12.: Photoluminescence (a) and reflectivity (b) spectra for zero in-plane wave vector and
an angle of incidence of 6◦, respectively, as a function of the temperature in a false
colour scale. The calculated coupled modes (lower polariton branch (LPB) and upper
polariton branch (UPB)) are shown as solid lines whereas the uncoupled modes,
namely the free exciton (X) and cavity-photon (Cav) mode, are shown as dashed
lines. The separation in two temperature ranges is due to the change of the spot
position on the sample caused by the experimental setup (cryostat and hot plate)
108
8.3. Strong light-matter coupling above room temperature


















































X       LP
 Cav  UP
 !t
(a) (b)
Fig. 8.13.: (a) The energy of the uncoupled exciton and cavity-photon mode as well as of the
lower (LPB) and upper polariton branch (UPB) at k‖ = 0m−1 as a function of the tem-
perature. The two temperature ranges 10K ≤ T ≤ 290K and 290K ≤ T ≤ 410K are
indicated by filled and open symbols. (b) The broadening of the uncoupled exciton
(ΓX) and cavity-photon mode (γC) as a function of the temperature. The red solid lines
denotes best fit of the model proposed by Makino et al. [178] for the temperature de-
pendence of the exciton broadening. The two temperature ranges are indicated by
filled and open symbols as in (a).
∆Γ ≈ 4meV of the LPB branch. Accordingly to the broadening of the cavity-photon
mode, the quality factor of the uncoupled cavity-photon mode can be determined to be
Q ≈ 380 and Q ≈ 740, respectively. In contrast to the lifetimes of the cavity-photons,
the lifetime of the excitons is strongly influenced by the temperature as mentioned in
Sec. 8.2.2. The increasing temperature leads to a dephasing so that the lifetime decreases
and the broadening increases. This increase of the broadening can be described by a
model suggestedbyMakino et al. [178]which yields amagnitude of the exciton-acoustic
phonon coupling in the range (5 . . . 30)µeV/K and a magnitude of the exciton-LO-
phonon interaction in the range of (300 . . . 400)meV. The value of both quantities is in
the same order of magnitude given in the literature [178, 179].
All these results indicate, that the strong coupling regime is present in this microres-
onator up to T = 410K. On the one hand, the classical condition for the strong coupling
regime
∣∣∣ΓX − γC∣∣∣ < 4V [113] is well fulfilled up to this temperature, and on the other
hand, the calculated mode splitting is larger than the broadening of the uncoupled
modes. For temperatures in the range of 410K − 450K the LPB yields a slight blue
shift. However the presence of the strong coupling regime cannot be definitely con-
firmed by this experiments. On the one hand, the quantum efficiency is very low in this
temperature range so that the peak of the LPB is generally weak pronounced. So the
lower polariton peak can be observed at small angles only. Additionally, due to the low
peak intensity, the signal to noise ratio increases and the uncertainty in the determined
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peak energy increases. On the other hand, by extrapolating the determined tempera-
ture behaviour of the LPB at k‖ = 0 to higher temperatures, the splitting between the
two branches should be smaller than their broadening. Therefore, this regime can be
stated as an “intermediate” coupling regime. Above 450K, the dispersion of the LPB is
flat, and therefore, the modes are weakly coupled. The collapse of the strong coupling
regime is related to the small exciton oscillator strength and to an enhancement of the
exciton broadening. Therefore, in order to investigate the strong coupling regime at
temperatures up to the predicted 610K [77], the exciton oscillator strength has to be
improved. This could be achieved by improving the ZnO crystal properties due to
sophisticated growth procedures or by using self-organised ZnO nanowires as cavities
with a high crystalline quality. Here it has to be mentioned, that the small dimension of
the nanowires leads also to a change of the LPB dispersion since the cavity-photonmode
is confined along the two directions. For a pure ZnO nanowires an enhancement of the
exciton oscillator strength by a factor of 5.5 was observed [84]. Another opportunity is
the use of ZnO QW. The advantage of QW is the larger exciton oscillator strength and
at elevated temperatures the lower exciton broadening compared to bulk material.
8.4. Polarisation dependence of the exciton-polariton
dispersion
In the previous discussion on the dispersion of the LPB, polarisation effects were ne-
glected and only the properties which are deduced from the s-polarised LPB were
discussed. As it was shown, the properties of the exciton-polaritons are determined by
the properties of the corresponding uncoupled modes, i.e. exciton mode and cavity-
photon mode. The exciton mode can be assumed to be independent of the linear
polarisation because c-plane oriented ZnOmaterial is used. However, the properties of
the uncoupled cavity-photon mode depend on the linear s- or p-polarisation, leading
to the well known TE-TM splitting as it was discussed in detail in Sec. 4. Therefore,
the dispersion of the LPB depends on the linear polarisation. For conventionally used
cavity materials, the reported TE-TM splitting of the LPB is mostly negligible since it is
usually less than 1meV [112, 158].
It has to be mentioned that additionally to the influence of the TE-TM splitting on the
uncoupled cavity-photon mode (cf. Sec. 5), the longitudinal-transverse splitting of the
exciton does also influence the exciton-polariton properties. However, this influence is
much smaller than the TE-TM splitting of the cavity-photon [62], and therefore, it can
be neglected here. Furthermore, polarisation effects of the excitons due to the optical
anisotropy, e.g. different exciton energies and oscillator strength for an electric field
parallel and perpendicular to the optical axis, are neglected, since the ZnO-cavity is
c-plane oriented. This means that in both linear polarisations the same ZnO exciton,
namely A exciton, is involved in the coupling.
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The dispersion of the s- and p-polarised LPB of the microresonator WR is shown
in Fig. 8.14a for the detuning ∆ = −70meV at T = 10K. As previously mentioned,
the dispersion differs slightly for the two polarisations and two regimes are observed.
The first one holds for small in-plane wave vectors (k‖ < 0.9 × 107m−1). Here, the
energy splitting increases with increasing in-plane wave vector. The LPB has a strong
photonic character for this case and therefore the increase of the TE-TM splitting of
the uncoupled cavity-photon mode (cf. Sec. 5.1 and solid lines in Fig. 8.14) leads
to the observed increase of the TE-TM splitting of the LPB with increasing in-plane
wave vector. Thereby, the energy of the p-polarised cavity-photon mode is slightly
larger than for the s-polarised one which is caused by the dispersion of the uncoupled
cavity-photon mode. At k‖ ≈ 0.9 × 107m−1 the energy splitting reaches a maximum
value of about 6meV. This is about one order of magnitude larger than that which
is typically observed in GaAs- and CdTe-based microresonators [54, 112, 158]. In the
second regime (k‖ > 0.9×107m−1) a decrease of the TE-TM splitting is observable which
vanishes for large in-plane wave vectors. On the one hand, the TE-TM splitting of the
uncoupled cavity-photon mode increases with increasing in-plane wave vector as in
the first regime. However, on the other hand, with increasing in-plane wave vector, the
photonic fraction of the LPB decreases whereas the excitonic fraction increases. Due
to the c-plane orientation, the exciton energy is independent on the linear polarisation,
the increase of the excitonic fraction will counteract the increase of the TE-TM splitting
caused by the uncoupled cavity-photons. Therefore, the TE-TM splitting decreases in
the second regime. For large k‖, the exciton-polaritons of the LPB are dominated by the
excitonic properties and therefore the TE-TM splitting vanishes. For zero in-plane wave
vectors, the TE-TM splitting vanishes, too, since the microresonator yields a rotation
symmetry. A violation of the rotation symmetry as reported for GaAs- and CdTe-
based microresonators which would lead to a polarisation splitting at zero in-plane
wave vector was not observed. For these GaAs- and CdTe-based microresonators the
violation in the rotation symmetry was related to a uniaxial in-plane strain and to a
splitting of the exciton ground state caused by an asymmetry of the QW [58, 61]. The
presence of an in-plane strain in our microresonator is improbable due to the growth
properties of ZnO on top of the polycrystalline Bragg layers.
The dispersion of the LPB was calculated using the model presented in Sec. 4. For
both polarisations the same refractive index was used since the value of the refractive
index n‖ is not known and for c-plane orientedmaterials the dispersion is similar to that
of an isotropic cavity (cf. Sec. 5.1.2). Note, that themagnitude of the TE-TM splitting can
be described only qualitatively. The required values of the coupling strength, exciton
energy and cavity-photon energy were deduced from the s-polarised LPB since the
refractive index n⊥ is sufficiently well known and the dispersion of the s-polarised LPB
is not affected by the optical anisotropy of the cavity (cf. Sec. 5.1.2). Applying the
isotropic model, the calculated energy of the p-polarised LPB is slightly weaker than
thatwhich is experimentally observed. From this result it can be estimated that theZnO-
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Fig. 8.14.: (a) The dispersion of the lower and middle polariton branch are shown as filled and
open squares, respectively, for the s- (black) and p-polarised (blue) polarisation. For
comparison, the dispersion of the corresponding uncoupled cavity-photon mode is
shown as solid line for the two polarisations. (b) The magnitude of the TE-TM splitting
in dependence on the in-plane wave vector for different detunings.
cavity has negative birefringence in this spectral range, oppositely to the visible spectral
range. The change of the birefringence fromapositive to anegative one in the near band-
gap spectral range is caused by the different transition matrix elements for the optical
transitions from the valence sub band into the conduction bands [104, 143, 144, 180].
The lifetime of the exciton-polaritons differs for different polarisations due to the
polarisation properties of the lifetime of the uncoupled cavity-photons described in
Sec. 5 (cf. Fig. 5.1). The Lorentzian broadening of the LPB for a detuning of∆ ≈ −70meV
at T = 10K is shown in Fig. 8.15. The general behaviour of the broadening is similar for
the two polarisations as it was discussed in Sec. 8.1. For small in-plane wave vectors
k‖ < 0.9 × 107m−1 the broadening of ≈ 4meV remains constant with increasing k‖ for
both polarisations whereas for larger k‖ a sharp increase of the broadening is obtained.
Responsible for the last one is the change of the character of the exciton-polaritons
of the LPB as described in Sec. 8.1. The comparison of the broadening for the two
polarisations yields a slightly larger broadening of the p-polarised LPB compared to
the s-polarised one. This difference increases with increasing in-plane wave vector
and is caused by the uncoupled cavity-photon mode. The broadening of this mode
decreases for s-polarisation whereas for the p-polarisation it increases (cf. Fig. 5.1). At
k‖ ≈ 0.9×107m−1 a strong increase of thedifference in the broadening is observed since k‖
at which the broadening strongly increases is slightly different for the two polarisations.
The last effect is caused by the different LPB dispersion for the two polarisations and
therewith the change of the character occurs at slightly different k‖. For the p-polarised
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Fig. 8.15.: (a) The entire broadening (Γ, open symbols) and the lorentzian brodening (γLP, filled
symbols) of the lower polariton branch for a detuning of ∆ ≈ −70meV at T = 10K for
the two linear polarisations (microresonator WR). (b) The difference of the entire and
Lorentzian broadening.
branch the increase of the energy with increasing k‖ is larger than for the s-polarised
so that the change of the character from a photonic to an excitonic one occurs at a
smaller k‖ compared to the s-polarised LPB. For large k‖, both branches converge to the
same exciton energy and the LPB is dominated by the excitonic properties. Therewith,
the broadening for linear polarised polariton modes is similar and the difference in
broadening decreases as observed for large k‖.
For both, the energy splitting and the lifetime, the maximum of the splitting for
the two polarisations is not observed at the crossing point k‖,cross of the uncoupled
exciton and cavity-photon modes, where the excitonic and photonic fraction on the
exciton-polariton are equal. The maximum occurs at a slightly larger in-plane wave
vector (k‖ > k‖,cross). In the region of the crossing point and k‖ > k‖,cross the excitonic
fraction is larger than the photonic one andwould reduce the splitting, since the exciton
energy and broadening are independent on the linear polarisation. But the splitting of
the uncoupled cavity-photon mode increases with increasing k‖. This increase of the
splitting must be first compensated by the excitonic properties so that the maximum
is shifted to slightly larger in-plane wave vector. Since, the magnitude of the splitting
in energy and broadening between the two polarisation is different for the uncoupled
cavity-photon mode, the maximum splitting in energy and broadening for the coupled
is observed at different in-plane wave vectors (Fig. 8.14 and Fig. 8.15).
The large TE-TM splitting, compared to the typically used GaAs- and CdTe-based
one, makes these microresonators interesting for the investigation of spin dynamics
processes [54, 55, 57, 61–63]. Related to the spin dynamics is the dimensionless quantity
βLT = (Es−pol − Ep−pol)/γLP [55], which can be interpreted as the relative strength of the
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Fig. 8.16.: Relative strength of the TE-TM splitting (βLT) for the microresonator WR at T = 10K
for a detuning of ∆ ≈ −70meV. (Hereby Γs−pol and Γp−pol was used for the s- and
p-polarisation, respectively.)
TE-TM splitting. A larger βLT will be preferred for strongly pronounced spin dynamics
processes. Exemplarily for a detuning of ∆ ≈ −70meV the quantity βLT is shown in
Fig. 8.16 for the two polarisations. Although the magnitude of the TE-TM splitting
is much larger than in GaAs-based microresonators, the observed magnitude of βLT
is similar to that in GaAs-based microresontors since the broadening of the cavity-
photon mode in GaAs-based microresonators is typically smaller than in the ZnO-
based microresonators presented here. Therefore, an enhancement of βLT larger than
in GaAs-based microresonators should be possible by decreasing the broadening of the
cavity-photon mode by an increase of the number of layer pairs. Nevertheless, the here
used ZnO-based microresonator WR should be promising for the observation of spin
polarisation effects e.g the optical spin Hall effect [55, 60, 61], which has already been
observed for GaAs-based microresonators, since its observed βLT is similar to that in
those microresonators.
8.5. Summary
The dispersion of the exciton-polaritons in the ZnO-based microresonators WR and
uvPR was investigated as function of the temperature, detuning and polarisation. In
both microresonators the LPB was clearly observed. The maximum coupling strength
with the free exciton was found to be 42meV and 55meV for the microresonator WR
and uvPR, respectively, at T = 10K in PL and reflectivity. An UPB was not observed
due to the large absorption of ZnO in the spectral range where the UPB is expected.
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Additional to the LPB, a bound excitonmode is observable, probably caused by the D0X
.
The results of the PL and reflectivity measurements (dispersion, broadening and
occupation of the polariton states) indicate that a coupling between cavity-photons and
bound excitons is present in the microresonator WR up to T = 290K. The coupling
strength was determined to be 5meV. For T = 10K an intermediate coupling between
the bound excitons and the cavity-photons was found and for T = 290K these excitons
couple weakly to the photons. The origin of the bound excitons is not clear at present,
but there are two types of excitons probable: donor bound excitons (D0X) and surface
related excitons (SX). The first ones are supported by the facts, that the energy of the
bX is close to that of the D0X. However, the D0X are not stable at room temperature.
The second kind of bound excitons, the SX, are a possible explanation because they
are stable at room temperature. Proposals for the determination of the origin bound
excitons which couples to excitons were given. Biexcitons, which have a similar energy
as the SX and D0X are unlikely to be responsible for this mode, since they usually occur
at large excitation densities in ZnO thin films, which are not used in these experiments.
The broadening of the lower polariton branch, energetically far away from the res-
onance allows to determine the homogeneous broadening of the free excitons in ZnO.
For the microresonatorWR, the homogeneous broadening of the free excitons was de-
termined to be 4meV at T = 10K which is 2 . . . 3 times smaller than that of the D0X. For
T = 290K, the broadening increases to 34meV caused by scattering with phonons. For
this temperature, indication for an increase of the observed inhomogeneous broadening
of the lower polariton branch was found, although the inhomogeneous broadening of
the uncoupled exciton and cavity-photon mode is not strongly affected by the tempera-
ture. Responsible for this might be the low energy tail of the density of states of the near
band gap optical transitions. Further, the inhomogeneous broadening of the bound
excitons can be also responsible for this.
The highest temperature which exhibits a strong light-matter coupling in the pre-
sented ZnO-based microresonators was found to be 410K for the microresonator uvPR.
A slight decrease of the coupling strength from 51meV to 43meV in the PL and from
55meV to 35meV in the reflectivity measurements with increasing temperature was
found. This decrease in the coupling strength can be attributed to the decrease of the
exciton oscillator strength with increasing temperature. For larger temperatures up to
450K an intermediate coupling regime is obtained. For T > 450K the observed disper-
sion is constant in energy and therewith the excitons coupleweakly to the photons. This
demonstrates, that ZnO-based microresonators are good candidates for the realization
of strong light-matter coupling above RT. Therefore they are also very promising can-
didates for the realisation of a Bose-Einstein condensation and exciton-polariton based
devices operating stable at elevated temperatures.
A strong influence of the LPB dispersion on the linear polarisation was found, espe-
cially for large negative detunings. This results in a maximum splitting of about 6meV
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at ∆ ≈ −70meV. With increasing detuning the splitting decreases. Beside the energy,
the broadening of the LPB differs for the two polarisation, too, and amaximum splitting
of about 4meV was obtained. The origin of the TE-TM splitting can be attributed to the
dependence of the cavity-photon dispersion on the linear polarisation. The maximum
of the splitting in both, energy and broadening, was not obtained at the crossing point
of the uncoupled modes but at larger k‖, since the increase of the TE-TM splitting in
energy and broadening of the cavity-photon must be first compensated by the excitonic
properties. The relative magnitude of TE-TM splitting βLT was found to be comparable
to that of GaAs-based microresonators and therefore the presentedmicroresonators are
promising candidates for the observation of spin dynamics processes, such as the optical
spin Hall effect.
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states
In the previous section the dispersion of the LPB in energy as well as in broadening in
ZnO-based microresonators were discussed as a function of the detuning, temperature
and polarisation. In the following the occupation of the exciton-polariton states as a
function of the in-plane wave vector will be analysed applying PL experiments. The
integrated peak intensity (I) at a certain in-plane wave vector is connected to the
radiative decay rate (Γrad) and the occupation number (N ) of the exciton-polaritons by
[181, 182]
I(k‖) ∝ N (k‖)Γrad(k‖) . (9.1)
In this chapter, the occupation of the LPB in a ZnO-based microresonator is discussed.
The microresonatorWR is considered since its wedge-shaped cavity allows to vary the
detuning at a given temperature as shown in Sec. 8.2. It has to be mentioned that for the
investigation of the LPB occupation as a function of the excitation density the excitation
path was realised by mirrors as explained in Sec. 6 so that the laser beam was linearly
polarised. That means, the electric field vector was aligned parallel to the interface of
the microresonator and parallel to the plane of emission propagation.
9.1. Occupation and Scattering rate at T = 10K
9.1.1. Scattering rate into the lower polariton branch (LPB)
The integrated peak intensity of the entire LP mode is exemplarily shown in Fig. 9.1
for detunings ∆ ≈ −70meV, ∆ ≈ 0meV and ∆ ≈ +50meV and for T = 10K for the
s-polarised emitted light. The integrated PL peak intensity was normalised to the one
observed at zero in-plane wave vector and to that of a c-plane oriented ZnO single bulk
crystal (cf. Sec. 3). As expected, for large negative detuning, the integrated PL intensity
reaches a maximum at intermediate in-plane wave vectors (k‖ ≈ 0.9 × 107m−1). The
integrated intensity is about 2.5 times larger compared to that at zero in-plane wave
vector (p-polarisation). By increasing the detuning to positive values, the maximum in
the integrated PL peak intensity decreases and the in-plane wave vector at which the
maximum occurs shifts to smaller values. For large positive detunings the maximum
occurs at k‖ = 0. This behaviour can be understood as follows: the larger the negative
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detuning the larger is the change of the LPB dispersion in the bottleneck region which
is prejudicial for the relaxation of exciton-polaritons as mentioned in Sec. 2.4.3. For
larger positive detuning, the opposite is the case. Since the decay rate of the exciton-
polaritons in the bottleneck region is mainly determined by the radiative process, i.e.
Γ ≈ Γrad, the measured integrated peak intensity is directly related to the occupation
number (cf. Eq. 9.1). Therefore, the maximum occupation of the LPB occurs at a
similar k‖ as the integrated peak intensity and its dependence on the detuning is similar
to that which was observed for I. By increasing the detuning, the maximum of I
decreases since the change of the curvature of the LPB dispersion decreases. For in-
plane wave vectors above the maximum of I, a decrease of I with increasing in-
plane wave vector is observed. These findings indicate, that the dispersion of the
LPB has a strong influence on the exciton-polariton relaxation properties. In other
words, the strength of the curvature determines the relaxation or rather scattering of the
exciton-polaritons. E.g. for a small curvature, the energy and momentum conservation
during the scattering process in the bottleneck region can be fulfilled more easily than
for a strongly pronounced curvature. Such effect was already shown by numerical
simulations (e.g. [25, 183]) and experimentally observed for GaAs- and CdTe-based
microcavites (e.g. [182, 184]).
Beside the detuning, the polarisation has an influence on the LPB dispersion and
therewith on the relaxation properties of the exciton-polaritons. As shown in Sec. 8.4,
the energy of the LPB in the bottleneck region is higher for the p- than for the s-
polarisation. However, for large in-plane wave vectors the LPB for both polarisations
converge to the same energy of the uncoupled exciton mode. Therefore, the strength of
the curvature ismuch larger for the p- than for s-polarisation and the integrated PL peak
intensity is more pronounced for the p-polarisation than for the s-polarisation (Fig. 9.1).
With increasing detuning the difference in the LPB dispersion for the two polarisations
decreases and therewith the difference in the strength of the curvature of the LPB. So
the difference in the integrated peak intensity for the two polarisations decreases with
increasing detuning and vanishes for large positive detuning.
In the steady-state regime the occupation of the LPB states is described by the Boltz-
mann equation for bosonic particles Eq. 2.41 and can be written as
0 = −ΓNk‖ −WoutNk‖ +Win(1 +Nk‖) + Pk‖ . (9.2)
Here, Γ represents the decay rate of the exciton-polaritons andWi denotes the scattering
rate into (i = in) and out (i = out) a statewith the in-planewave vector k‖. The creation of
exciton-polaritons by the laser beam is represented by the rate Pk‖ and can be neglected
in Eq. 9.2, since the excitation was performed at an energy of E = 3.815 eV. This is far
above the energy of the LPB investigated here. For an estimation of the scattering rate
of exciton-polaritons into a state with an in-plane wave vector k‖ further assumptions
are necessary. For low excitation densities and small in-plane wave vectors it can be
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Fig. 9.1.: Top row: The difference in LPB energy (∆E = EppolC −EspolC ) for the two polarisations as a
function of the in-plane wave vector for different detunings. bottom row: The integrated
peak intensity (I) of the entire LP peak (normalised to (I(k‖ = 0)) and corrected by
the angular dependence of the setup) in dependence on the in-plane wave vector for
different detuning.
assumed that the differences between the scattering rates into and out of a state with
an in-plane wave vector k‖ is much smaller than the decay rate, i.e. Wout −Win  Γ.
This assumption can be roughly verified by calculating the scattering rate by means of
the approach suggested by D. Porras et al. [185]. The ratio of the occupation number









Here an interaction of the LPB branches for both polarisations is neglected, i.e. excitons
of the p-polarised LPB cannot scatter into the s-polarised LPB and vice versa. For
small in-plane wave vectors, the decay rate is mainly determined by the radiative one
(Γ ≈ Γrad), i.e. by using Eq. 9.1 and Eq. 9.3, the ratio of the scattering rates into the
states with k‖, 1 and k‖, 2 is given by the ratio of the corresponding integrated PL peak






I(k‖ = 0) , (9.4)
and Wrelin (k‖) can be defined as a relative input scattering rate. It is a measure for the
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scattering rate into the a state with in-plane wave vector k‖ compared to that at k‖ = 0.
Wrelin (k‖) > 1 indicates that the scattering into this state is more pronounced compared
to that into the ground state.
For the determination of the relative input scattering rate from the experimental data
one has to consider that the LP peak has a Voigt profile instead of a Lorentzian one
for an ideal microresonator (cf. Sec. 8.1). However, for the calculation of the relative
input scattering rate the Lorentzian profile, area and broadening, have to be used.
Using the Lorentzian and Gaussian broadening of the Voigt function, the corresponding
Lorentzian area can be obtained by a deconvolution of the Voigt profile. Here the
peak area of the associated Gaussian function was normalised to one. For selected
detunings the relative input scattering rate in dependence on the in-plane wave vector
is shown in Fig. 9.2 at T = 10K for both linear polarisations. Similar to the behaviour
of the integrated peak intensity, the relative input scattering rates for both polarisations
reach a maximum for intermediate in-plane wave vectors for large negative detuning.
Therefore, the scattering of exciton-polaritons into this regions is enhanced compared to
the scattering into the ground state, reflecting the presence of the bottleneck at negative
detuning. By increasing the detuning to positive values the maximum decreases and
shifts to smaller in-plane wave vectors. For positive detunings, the maximum input
scattering rate is observed at the ground state. This means that the scattering of exciton-
polaritons into the ground state (compared to the states with a non-zero in-plane wave
vector) increases with increasing positive detuning.
A comparison of the relative input scattering rate for the two polarisations yields, that
in the bottleneck region Wrelin is larger for the p-polarisation than for the s-polarisation.
This can be related to the fact that the dispersions of the LPB differ slightly for the
two polarisations (TE-TM splitting). The maximum in the difference of the relative
input scattering rates occurs at similar in-plane wave vector as the maximum in TE-
TM splitting of the LPB (cf. Fig. 8.14), since the dispersion of the LPB and especially
the magnitude of the change of the curvature has a strong influence on the relaxation
properties. The largerWrelin for the p-polarisation compared to the s-polarisation can be
attributed to the fact that the strength of the curvature in the bottleneck region is larger
for the p- than for the s-polarisation. This leads to a more effective scattering of the
exciton-polaritons into the ground state for the s-polarisation, since conservation of the
energy and momentum during the scattering can be fulfilled easier. At zero in-plane
wave vector, the LPB for the two polarisations coincide and the scattering rate into
the ground state is equal for both polarisations. Therefore, compared to the scattering
into the ground state, the scattering of exciton-polaritons into the bottleneck region is
enhanced for the p-polarisation compared to that of the s-polarisation, i.e. Wrel,p−polin >
W
rel,s−pol
in at the bottleneck region as observed experimentally. For larger in-plane wave
vectors the LPB coincide for both polarisations and therewithWrel,p−polin =W
rel,s−pol
in . By
increasing the detuning to positive values, the magnitude of the difference between the
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scattering rate for the twopolarisations decreases, since the TE-TMsplitting decreases as
well and therefore the difference in the change of the curvature for the two polarisations.
These findings indicate that a large positive detuning is preferred in order to reach an
accumulation of the exciton-polaritons at the ground state, and therefore, it would
support the theoretical predictions by R. Johne et al.[87].
It is noted, that the influence of the photonic mode splitting on the LPB was con-
sidered above only. Furthermore, the longitudinal-transverse splitting of the excitons
influences the scattering of the properties of the exciton-polaritons also, especially the
spin dynamics of the exciton-polaritons [54, 55, 57, 59, 61–63, 186]. This is caused by
the fact that the exciton-polariton scattering depends on the spin of the involved par-
ticles. Therefore, the exciton-polariton scattering reveals an anisotropy regarding the
spin. This means, the excitons at the ground state have certain spin polarisation if the
microresonator is excited above a certain pump threshold. However, in the performed
experiments, only the linear polarisation of the light was investigated, i.e. it cannot be
distinguished between the left- and right-handed circular polarisation. Therefore, the
discussion of the spin dynamics of exciton-polariton scattering is omitted here.
9.1.2. Occupation of the lower polariton branch as function of the
excitation density
For selected detunings, the change of the integrated PL peak intensity of the exciton-
polariton peak at the ground state is shown in Fig. 9.3. Thereby, I/P where P is the
excitation density is shown as a function of the excitation density. The advantage of
this representation is that the relationship between the integrated peak intensity and
the excitation density, and therefore the occupation number, can be seen easily: For a
linear dependence on P, I/P is a constant (dashed horizontal line in Fig. 9.3) whereas
for a superlinear increase of I with increasing P, I/P increases. Since it was found
that the energy and broadening of the exciton-polariton mode remains nearly constant
(cf. Fig. 9.4) this represents also the change of the occupation number with increasing
excitation density, because Eq. 9.1 holds.
For all detunings a linear dependence on the excitation density was be observed
for small excitation densities (P < 0.5W/ cm2). By increasing the excitation density a
superlinear increase of the integrated peak intensity is observable for detunings ∆ ≤
+20meV. A tendency is observed that the superlinear enhancement of the ground state
occupation is stronger for largerdetunings. For a largenegativedetuning (∆ ≈ −45meV)
I/P reaches values of about 1.6 and 2.0 for a detuning of ∆ ≈ +20meV. The appearance
of an additional relaxation process which sets in at higher excitation densities can be
responsible for the observation of the two regimes (linear and superlinear). For low
excitation densities, i.e. low exciton-polariton density at large k‖, the scattering into the
ground state is mainly determined by the scattering with phonons. The contribution
of the exciton-polariton scattering can be neglected at low densities. In contrast to the
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Fig. 9.2.: The relative input scattering rate (Wrelin ) as a function of the in-plane wave vector for
different detunings for the s- (black squares) and p-polarised (red squares) emitted
light at T = 10K.
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relaxation of hot exciton-polaritons by scattering with phonons, which is a very fast
process, the relaxation from the bottleneck region into the ground state by exciton-
phonon scattering is restricted due the strong change of the curvature of the LPB.
Therefore, the energy and momentum conservation is hard to fulfil and the exciton-
polaritons have to perform many relaxation steps in order to reach the ground state,
which needsmore time than the radiative lifetime of the exciton-polaritons. The exciton-
polaritons decay before they can reach the ground state.
At higher excitation densities, the density of hot exciton-polaritons increases and
therewith the exciton-polariton density in the bottleneck region. This enhances the
probability of exciton-polariton scattering. In contrast to scattering with phonons, this
scattering mechanism is very efficient in order to overcome the bottleneck. Therefore,
at a certain pump threshold (in these experiments P ≈ 1W/ cm2) the contribution of the
exciton-polariton scattering is not negligible any more and a superlinear increase of the
ground state occupation is observed with increasing P. In contrast to the observation
of the two regimes for ∆ ≤ +20meV, for the largest positive detuning a tendency for
a slight superlinear regime for excitation densities of 1W/ cm2 < P < 100W/ cm2 is
observed and for larger excitation densities a sublinear regime. An explanation for this
behaviour might the flat LPB dispersion in this detuning regime [88]. On the one hand
the flat dispersion of the LPB, and therewith the small change in the curvature, supports
the relaxation of exciton-polaritons into the ground state. On the other hand the steep
dispersion of the LPB at small k‖ acts as an potential trap which hinders the escape of
the exciton-polaritons from the ground state and captures the exciton-polaritons at the
ground state. Due to the flat dispersion at large positive detunings, the potential trap is
too small and so the exciton-polaritons at low k‖, especially at the ground state, can leave
it by their thermal energy. For GaN-basedmicroresonators it was demonstrated that the
reduced trap depth for large positive detunings is the reason for an enhancement of the
pump threshold needed for an accumulation of exciton-polaritons at the ground state
[88]. Responsible for the tendency of the sublinear regime (P > 100W/ cm2) might be
heating of the sample. For large excitation densities a red shift of the exciton-polariton
energy and an increase of the broadening of the LPB was observed (Fig. 9.4).
The energy and the broadening of the exciton-polaritons at the ground state remains
nearly constant for excitation densitiesP < 130W/ cm2 (Fig. 9.4). For larger exciton den-
sities a small red shift of the exciton-polariton energy of about 1meV and an increase
of the broadening of about 0.5meV in maximum (at P = 500W/ cm2 and ∆ ≈ +50meV)
is observed and can be attributed to a warming of the microresonator due to the high
charge carrier density. This assumption is supported by the fact, that the magnitude of
the red shift as well as the increase of the broadening increase with increases detuning.
For large negative detunings, the properties of the exciton-polaritons are mainly de-
termined by the photonic properties which are weakly affected by the temperature (cf.
Sec. 8.3). In contrast to that, for large positive detunings the excitonic properties domi-
nate, which are more affected by the temperature than the photonic ones. Therefore, as
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Fig. 9.3.: The change of integrated peak intensity I/P of the lower polaritons at k‖ = 0 as a
function the excitation density (P) for selected detunings for T = 10K. The dashed
line represents the case of a linear dependence of the integrated peak intensity on the
excitation density.
observed, the enhancement of the temperature leads to a stronger change of the exciton-
polariton properties for large positive detunings than for large negative detunings. A
breakdown of the strong coupling, due to the creation of a too large exciton-polariton
density, so that the fermionic character of the constituents of the excitonsdominates, was
not observed. Even for the highest excitation density the LPB was clearly observable.
Due to the fact that the observed broadening of the exciton-polariton peak at the
ground state remains nearly constant and its change for large excitation densities and
positive detunings is negligible, it can be assumed, that the lifetime of the exciton-
polaritons (the homogeneous Lorentzian and the inhomogeneous Gaussian one) is not
affected by the excitation density. The change of the occupation number at an in-plane
wave vector k‖ between two different excitation densities is then given by the ratio of
the integrated peak intensities. Similar to the integrated peak intensity, it is useful to
show N/P so that he change in the occupation number (linear, super- or sublinear)
can be easily seen, comparable to the treatment of the occupation of the ground state.












represents a relative change of the occupation number.
For the detunings presented in Fig. 9.3N rel
k‖
of the LPB is shown in Fig. 9.5 for selected
excitation densities for the s- and p-polarisation at T = 10K. Three regimes can be
distinguished.
124


































0.1 1 10 100
Excitation density (W/cm2)
γ0 = 3.4meV
0.1 1 10 100
γ0 = 2.8meV





Fig. 9.4.: The energy (top) and broadening (bottom) of the exciton-polaritons at the ground state
as a function of the excitation density for the detunings presented in Fig. 9.3 at T =
10K.
In the first regime, at large negative detunings (∆ ≈ −45meV) a superlinear behaviour
is observed for all recorded in-planewave vectors. However, the strongest enhancement
of the exciton-polariton occupation is observed at the bottleneck region and not at
the ground state. The relaxation of excited exciton-polaritons (hot carriers) into the
bottleneck region is the fastest process since the strong change of the curvature of
the LPB is prejudicial for the relaxation of excited exciton-polaritons into the ground
state. This leads to a stronger excitation induced enhancement of the exciton-polariton
density at the bottleneck region compared to that at the ground state. A comparison of
the relative occupation number for the two polarisations yields a stronger enhancement
for the s-polarisation than for the p-polarisation. This can be related to the fact, that the
occupation of the LPB at the bottleneck region of the LPB is larger for the p- than for
s-polarisation for low excitation densities (cf. Sec. 8.4). The increase of the excitation
densitiy leads for both polarisations to an increase of the exciton-polariton density.
Simultaneously the contribution of the exciton-polariton scattering into the ground
state increases. However, due to the enhanced occupation of the p-polarised LPB
compared to the s-polarised one, the contribution of the exciton-polariton scattering to
the scattering process into the ground state is larger for the p- than for the s-polarisation.
At zero in-plane wave vector, the LPB coincide for the two polarisations and therefore
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due to symmetry reasons the same occupation is observed for the two polarisations.
In the second regime, for an intermediate detunings (−20meV < ∆ < +20meV), the
strongest enhancement of the occupation of the LPB is observed. A magnification of
the relative occupation number at the ground state compared to that at the bottleneck
region of about 2 is obtained. Here, the bottleneck effect is reduced, i.e. the change
in the curvature of the LPB dispersion is smaller than that at large negative detunings.
Therefore the excited exciton-polaritons can relax very fast into the ground state, which
is the fastest process in this regime. Therefore the superlinear behaviour at the bottleneck
region is less pronounced than that at the ground state. However, a BEC of exciton-
polaritons was not observed. Responsible for this might be the large diameter of the
excitation spot (∅ ≈ 100µm) so that the potential which is formed by the excitation is
too large. Furthermore, the cw-excitation might be also prejudicial for the realization of
a BEC at the ground state.
In the third regime, large positive detunings (∆ ≈ +50meV), the relative occupation
number is nearly constant for all in-plane wave vectors, i.e. it is independent of the
in-plane wave vector. Responsible for this might be, as mentioned above, that the flat
LPB dispersion on the one hand supports the relaxation into the ground state. On the
other hand, the optical trap is too small so that exciton-polaritons can leave the ground
state by their thermal energy which would counteract the formation of a macroscopic
occupation of exciton-polaritons at the ground state. A difference in the occupation of
the LPB for the two polarisations was not observed for the last twomentioned detuning
regimes.
These findings indicate that an intermediate detuning regime (−20meV < ∆ <
+20meV) should be preferred in order to reach a strong accumulation of the ground
state population, instead of the large positive as predicted by the theoretical work of
R. Johne et al [87]. Furthermore, this is in agreement with the results found in GaN-
based microresonators by R. Butté et al. [88] which are comparable to ZnO-based
microresonators since GaN has similar properties to ZnO.
9.2. Occupation of the lower-polariton branch for T > 10K
For the realization of a high temperature BEC the dependence of the optimumdetuning
regime for an accumulation of exciton-polaritons at ground state on the temperature
has to be known. The integrated PL intensity of the p-polarised LPB for a detuning of
∆ ≈ −60meV is shown in Fig. 9.6 for temperatures up toT = 130K. For all temperatures,
the largest integratedpeak intensitywas observed at larger in-planewave vector instead
of k‖ = 0 due to the large negative detuning (cf. Fig. 9.2). By increasing the temperature,
a decreasing of the maximum in I is observed and the maximum shifts to smaller in-
plane wave vectors. The detuning and therewith the Hopfield coefficients are nearly
the same for all temperatures. Therefore the observed decrease of the integrated PL
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Fig. 9.5.: The top row shows the dispersion of the LPB whereas the integrated peak intensity
(I) of the lower polaritons is shown in the second row. The relative change of the oc-
cupation number N rel
k‖
(normalised to the occupation number at P ≈ 45mW/ cm2))
is shown in the two bottom rows for different excitation densities (black squares:
P ≈ 500W/ cm2, blue squares: P ≈ 130W/ cm2, green squares: P ≈ 40W/ cm2, red
squares: P ≈ 2mW/ cm2). The data were obtained from spectra recorded at T = 10K.
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Fig. 9.6.: Integrated photoluminescence peak intensity of the p-polarised lower polariton branch
as a function of the in-plane wave vector at ∆ ≈ −60meV for T = 10K, T = 70K and
T = 130K.
peak intensity of the LPB can be attributed to an increase of the scattering rates of
the exciton-polaritons into the lower states of the LPB. This means the scattering rate
into the lower polariton states increases with increasing temperatures and was also
shown by numerical simulations by F. Tassone and Y. Yamamoto et al. [126]. Due to
the enhancement of the scattering rate into the lower states it is easier for the exciton-
polaritons to overcome the bottleneck region and therefore the maximum of I shifts to
smaller in-plane wave vectors with increasing temperature.
Since the scattering rate into the lower states of the LPB increases the input scattering
rate itself cannot be deduced from the PL spectra as it was done in Sec. 9.1.1 since
the approximation Win − Wout  Γ cannot be applied anymore. Therefore, only the
occupation number of the LPB can be compared. Hereby on has to consider that for the
determination of the occupation number from the PL spectra, the radiative decay rate of
the exciton-polaritons have to be known (Eq. 9.1) which is not directly accessible due to
the cwexcitation. However, in the casewhere the properties of the exciton-polaritons are
mainlydeterminedby thephotonicproperties, the non-radiativedecay canbeneglected,
i.e. Γ ≈ Γrad. Furthermore, the inhomogeneous contributions (additional broadening
of the exciton-polariton mode due to a thickness inhomogeneity of the cavity) to the
integrated peak intensity have to removed, i.e. only the Lorentzian properties of the
exciton-polariton peak (area and broadening) have to be used. Therefore the Voigt
shape of the exciton-polariton modewas deconvolved into the associated Gaussian and
Lorentzian one as described in Sec. 8.1. The resultant occupation number of the LPB is
shown in Fig. 9.7 for both polarisations for different temperatures up to 130K. Similar to
the integrated PL peak intensity, themaximumof the occupation number does not occur
at zero in-plane wave vectors due to the large change in the curvature of the LPB. A
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Fig. 9.7.: The occupation number of the s- and p-polarised lower polariton branch as a function
of the in-plane wave vector for a temperature of T = 10K and T = 130K.
comparisonof the occupationnumber for the twopolarisations yields, that thedifference
in the occupation number decreases with increasing temperature although the TE-TM
splitting is for both temperatures nearly the same (∆TE−TM ≈ 5meV). This supports the
above assumption that the relaxation of the exciton-polaritons into the lower states of
the LPB is enhanced and the bottleneck effect is reduced. For temperatures higher than
130K the microresonator does not provide a detuning of ∆ ≈ −60meV.
The increase of the scattering rate into the lower states of the LPB causes also a change
of the optimum detuning regime which is preferred to reach an accumulation of the
exciton-polaritons at the ground state. On the one hand the enhanced scattering rate
makes it easier for the exciton-polaritons to overcome the bottleneck, on the other hand
the enhanced temperature leads to a larger thermal energy which enables the exciton-
polaritons to overcome the potential trap. Exemplarily for a detuning of ∆ ≈ −45meV
N rel
k‖
is shown in Fig. 9.8 for different excitation densities as a function of the in-plane
wave vector for the s-polarisation for temperatures up toT = 190K. For all temperatures
a superlinear behaviour is observable. At low temperature the strongest enhancement
of N rel
k‖
is observed at the bottleneck region as explained in Sec. 9.1.2. By increasing
the temperature, the maximum of N rel
k‖
shifts to smaller in-plane wave vectors since
the scattering of the exciton-polaritons from the bottleneck region into the ground state
is enhanced. For a temperature of T = 130K the strongest enhancement of N rel
k‖
(by
a factor of about 2.5) is observed at the ground state. This leads to the conclusion
that the optimum detuning regime shifts to larger negative values with increasing
temperatures. A similar observation was found on GaN-based microresonators by R.
Butté et al. [88]. For a higher temperature (T = 190K) the enhancement of the ground
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Fig. 9.8.: Top row: The change of the integrated peak intensity I/P at zero in-plane wave vector
as a function of the excitation density for a detuning of ∆ ≈ −45meV for different
temperatures. Bottom row: The relative change of the occupation number N rel
k‖
of the
exciton-polaritons for selected excitation densities for different temperatures at ∆ ≈
−45meV. (black squares: P ≈ 500W/ cm2, blue squares: P ≈ 130W/ cm2, green
squares: P ≈ 40W/ cm2, black squares: P ≈ 2mW/ cm2).
state occupation decreases. Furthermore, the enhancement in the occupation of the
states at small in-plane wave vectors (k‖ < 0.4 × 107m−1) is similar to that one at the
ground state. Possibly for thismight be that the thermal energy of the exciton-polaritons
is large enough to overcome partly the potential trap formed by the bottleneck and a
larger negative detuning has to be chosen on the microresonator. Above T = 190K a
detuning of ∆ ≈ −45meV cannot be adjusted on the microresonator.
For the other investigated detunings (−30meV ≤ ∆ ≤ +20meV) at T = 190K a
superlinear enhancement of the exciton-polariton occupation in dependence on the
excitation density was also observed (Fig. 9.9). For negative detunings (∆ ≈ −20meV
and ∆ ≈ −30meV) the enhancement of the ground state is slightly larger than that
of the excited states with k‖ > 0m−1. For the positive detuning (∆ ≈ 5meV and
∆ ≈ 20meV) the enhancement of the exciton-polariton occupation is for all in-plane
wave vectors similar. For these detunings, the thermal energy of the exciton-polaritons
might be too large, compared to the potential trap formed by the bottleneck, so that the
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Fig. 9.9.: The change of the integrated peak intensity I/P at zero in-plane wave vector as a
function of the excitation density for a detuning of ∆ ≈ −20meV (a) and ∆ ≈ 5meV
(b) at T = 190K. The relative change of the occupation number The change of the
integrated peak intensity as a function of the exciton density at T = 190K for a detuning
of ∆ ≈ −20meV (c) and ∆ ≈ 5meV (d) (s-polarisation, black squares: P ≈ 500W/ cm2,
green squares: P ≈ 50W/ cm2).
exciton-polaritons can leave the ground state. Therewith, the findings for T = 190K
indicate, that a negative detuning should be preferred in order to reach a macroscopic
enhancement of the exciton-polariton occupation of the LPB. This means that the value
of the optimum detuning deceases with increasing temperature. Responsible for the
fact, that the largest enhancement of the ground state was observed at a detuning of
∆ ≈ −20meV and not for ∆ ≤ −20meV (as expected from the findings at ∆ ≈ −45meV
for 10K ≤ T ≤ 130K) can be structural inhomogeneities. An indication for the presence
of these structural inhomogeneities might be the observed PL intensity as a function of
the lateral position on the sample which exhibits two bright luminescence areas.
At room temperature, a slightly superlinear enhancement was observed for all de-
tunings. However, this enhancement is similar for investigated in-plane wave vectors.
Responsible for the fact that a large enhancement of the exciton-polariton occupation
was not observed at the ground state nor bottleneck region might be that a larger
negative detuning is necessary and / or the decay rate of the exciton-polariton is large.
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9.3. Summary
The occupation of the LPB as well as the scattering rates of the exciton-polaritons
into a state with an in-plane wave vector k‖ was investigated in dependence on the
detuning, temperature, excitation density and polarisation of the LPB in a ZnO-based
microresonator. A larger occupation of the LPB at the bottleneck region compared
to that one at zero in-plane wave vectors was found for large negative detunings,
which is reflected by the enhanced scattering rate of exciton-polaritons into the states
with these in-plane wave vectors. The scattering of excited exciton-polaritons into the
bottleneck region is larger for the p- than for the s-polarisation. This was related to
the large TE-TM splitting at this detuning regime which causes a stronger change in
the LPB dispersion for p- than for s-polarisation. Using different excitation densities
a superlinear enhancement of the ground state occupation was observed for detuning
∆ ≤ +20meV.
The magnitude of the TE-TM splitting as well as the strength of the curvature in the
bottleneck region have a strong influence on the relaxation properties of the exciton-
polaritons. For large negative detunings the large change of the LPB dispersion causes
that the strongest enhancement of the normalised occupation was obtained at the bot-
tleneck region. Further, the results indicate that the enhanced occupation of the LPB
for the p-polarisation compared to the occupation of the s-polarisation leads to stronger
increase of the scattering rate of hot exciton-polaritons into the ground state for the p-
than for the s-polarisation. This is reflected in the less pronounced enhancement of
the normalised occupation number for the p-polarisation. For large positive detunings
only a slight tendency for a superlinear increase of the normalised occupation num-
ber is observable. The dependence on the excitation density is for all in-plane wave
vectors similar, since the potential trap is too weak in this detuning regime to capture
the exciton-polaritons at the ground state. Therefore, the optimum condition between
a small change of the LPB dispersion and a large optical trap was found for an in-
termediate detuning regime (−20meV < ∆ < +20meV). The strongest enhancement
of the normalised occupation number was observed at the ground state by a factor of
about 2. Due to the small TE-TM splitting in this detuning regime, a difference for
the two polarisations was not observable. By increasing the temperature the optimum
detuning regime shifts to larger negative values since an increase of the temperature
leads to an increase of the scattering rate into the ground state of the exciton-polaritons.
Simultaneously, the thermal energy of the exciton-polaritons increases and therefore
the potential trap has to be increased,too, in order to capture the exciton-polaritons.
For a temperature of T = 130K the strongest enhancement of the ground state occupa-
tion was observed for a detuning of ∆ ≈ −45meV. Therefore, for the realization of an
exciton-polariton condensate at RT large negative detunings are preferred. This is in
contrast to the theoretical prediction made by R. Johne et al. [87] but in agreement with
experimental results found by R. Butté [88] for GaN-based microresonators.
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10. Condensation of exciton-polaritons in
ZnO-based microresonators
In the previous experimentsusing cw excitation, a slight superlinear enhancement of the
ground state was achieved. However, the formation of a exciton-polariton condensate
was not observed within the course this thesis, probably caused by the large excitation
spot size and the cw excitation. However, subsequently to the experiments done within
this work a non-equilibrium exciton-polariton condensate in the microresonator WR
was observed using an appropriate pulsed laser with a wavelength of 266nm and
a pulse length of 500ps (repetition rate 5.52 kHz) and spot diameter of about 4µm.
Since the results obtained in this work are confirmed by these measurements and their
significance in simplifying the interpretation of the main observation of the exciton-
polariton condensate is important, they will be shortly presented in this chapter. The
measurements were done at the École polytechnique fédérale de Lausanne (EPFL) in
the group of Prof. N. Grandjean by H. Hilmer.
The observed non-equilibrium exciton-polariton condensate is characterised by a
strong increase of the PL intensity accompanied by a decrease of the broadening ofmore
than one order ofmagnitude and an expectedblue shift of the emission energy. Both, the
PL intensity and the broadening show clearly a threshold behaviour. Surprisingly, the
condensation of the exciton-polaritons does not take place at the ground state but rather
at finite k‖ values and at energies considerably higher (≈ 10meV . . . 20meV) than the
ground state energy (Fig. 10.1). Furthermore two condensate types in the momentum
space distribution are observed in dependence on the excitation density. In the first
one, for low excitation densities, the condensation occurs at an in-plane wave vector
which lies on the LPB whereas in the second one, for large excitation densities, the
condensate occurs at constant energies with respect to k‖ but is equally distributed in
the momentum space. The maximum value of k‖ is defined by that of the LPB at this
energy.
The presence of the condensate at energies higher than the ground state and at
finite in-plane wave vectors can be attributed to the repulsive interaction between
the condensate exciton-polaritons and the non-condensed polaritons as well as to the
potential of the pump profile which is induced by the laser beam. This leads to a
blue shift of the condensate energy with respect to the ground state of the LPB and
the condensate is pushed out of the centre of excitation. These findings match very
well with the theoretical predictions by M. Wouters et al. [187, 188]. An important
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quantity is the effective excitation spot size lexc, which denotes the area of the excitation
beam where the intensity is larger than the threshold intensity. This quantity controls
the magnitude of the acceleration. If lexc is smaller than the characteristic propagation
length of the condensate lc then the condensate propagates ballistically with a velocity
limited by the wave vector of the LPB. Therefore the condensate appear at the LPB.
In contrast to that, for lexc > lc, the potential shape induces a homogeneous velocity
distributed of the condensate. Therefore the observed two types in the distribution of
themomentum space can be related to a change of the characteristic propagation length
of the condensate and/or change of the effective excitation spot size. For low excitation
densities, the effective excitation spot size is smaller than the propagation length of
the condensate (lexc < lc) and therewith the condensate propagates ballistically with
the maximum velocity which corresponds to the wave vector for the energy of the
LPB. With increasing excitation density, lexc increases, and the k-distribution of the
condensate for large excitation density indicates that lexc > lc. The spot like structures
in the second regime observed in the recorded PL spectra of the condensate can be
attributed to disorder which causes interferences of the emission from different spatial
positions [188].
By increasing the detuning of the microresonator, the threshold for the condensate
increases. The same behaviour holds also for the temperature. This is similar to the
results found under cw excitation discussed in the previous section. Furthermore,
both experiments demonstrate, that large negative detuning is necessary in order to
achieve an exciton-polariton condensate which unfortunately cannot be adjust in this
microresonator.
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Fig. 10.1.: Photoluminescence spectra (false colour scale) at T = 10K for a detuning of
∆ ≈ −50meV for different excitation densities P. The cw-threshold density P0 was
estimated to be ≈ 4W/cm2. The scaling factors are given in the figure. The white







11. Summary and Outlook
Summary
In this thesis one dimensionally confinedZnO-basedmicroresonatorswere investigated
with respect to their mode properties and the occupation of the exciton-polariton states
as well as the relaxation properties of the exciton-polaritons. In the first part, the
influence of the optical anisotropy of the cavity material on the uncoupled cavity-
photonmodewas investigated, numerically and experimentally. In the second part, the
properties of exciton-polaritons as a function of the detuning, temperature, polarisation
and excitation density were studied.
For the investigation of the dispersion of the uncoupled cavity-photon mode in a
microresonator with an optically anisotropic cavity, a numerical approach was devel-
oped, which allows to study the impact of the optical properties of the cavity and
Bragg reflectors on the cavity-photon mode dispersion and broadening in a suitable
way. Here, the finite size of the Bragg reflectors as well as the orientation of the optical
axis of the cavity material was taken into account. Generally, two cavity-photon modes
appear in the s- and p-polarised spectrum caused by the well-known anisotropic wave
propagation in optically anisotropic media. Only if the optical axis coincides with one
axis of the laboratory coordinate system, only one cavity-photon mode appears in the
s- and p-polarised spectrum. The reason for this is that in this case the ordinary and
extraordinary wave is purely s- or p-polarised, depending on the orientation of the
optical axis. In the special case, where the microresonator exhibits a rotation symmetry,
the cavity-photon mode is degenerated at k‖ = 0 for the two polarisations. For isotropic
microresonators, the TE-TM splitting for k‖ > 0 is only caused by the different effective
Bragg lengths for the two polarisations, whereas in the case of a birefringent cavity
the optical cavity length depends on the polarisation, too. This leads to an additional
contribution to the TE-TM splitting depending on the sign and magnitude of the bire-
fringence. It is for positively birefringent cavities positive and negative for the other
case. Furthermore, due to the rotation symmetry only the p-polarised mode is affected
by the optical anisotropy. For typically used wide band gap materials, ZnO and GaN,
it was found that the influence of the optical anisotropy on the TE-TM splitting is in the
same order of magnitude as the splitting itself. Therefore, this anisotropy effect cannot
be neglected for a precise description of the splitting. In contrast to the energy of the
cavity-photons, the impact of the optical anisotropy on the lifetime is negligible, since
it is mainly determined by the reflectivity of the Bragg reflectors. The change of the
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lifetime compared to a microresonator with an optically isotropic cavity was found to
be about 2 . . . 3 orders of magnitude shorter than the lifetime itself.
This approach was applied on a ZnO-based microresonator which has an optically
anisotropic cavity (c-plane oriented). A good agreement between the observed and
calculated dispersions of the cavity-photonmode, as well as of the TE-TM splitting, was
obtained. The broadening of the cavity-photon was found to be mainly determined by
an inhomogeneous broadening, which is not included in the presented approach. The
origin of this inhomogeneous broadening was related to thickness inhomogeneities.
In the strong coupling regime, exciton-polaritons were observed and investigated in
ZnO-based microresonators up to T = 410K. A maximum coupling strength of 55meV
in the reflectivity experiments and 51meV in the photoluminescence experiments at
T = 10K have been found. By increasing the temperature, a slight decrease of the
coupling strengthwas observed. Thiswas related to the decrease of the exciton oscillator
strength with increasing temperature. At T = 410K the coupling strength of 43meV
and 34meV was deduced from the exciton-polariton dispersion observed in the PL and
reflectivity spectra, respectively.
From the dispersion of the lower polariton branch in energy and broadening as a
function of the detuning, the homogeneous linewidth of the exciton mode in ZnO was
deduced and found for T = 10K to be about 4meV. By increasing the temperature,
the homogeneous linewidth increases to about 34meV at room temperature and about
76meV at T = 410K.
The analysis of the dispersion of the lower polariton branch exhibits indications that
beside the strong coupling between free excitons and the cavity-photons, a coupling
between the cavity-photon mode and an additional excitonic state is present in the
microresonator WR up to room temperature. The origin of this excitonic state is not
clear up to now, but two states are imaginable: donor bound excitons and surface related
ones. Biexcitons are unlikely, since they usually occur at large excitation densities in
ZnO thin films which are not used in these experiments. A coupling strength of about
5meV was determined for this excitonic state, so that at T = 10K an intermediate
coupling regime is present, whereas at T = 290K these excitons couple weakly with the
cavity-photons.
The investigation of the linear polarisation of the exciton-polariton emission exhibits
a large TE-TM splitting of about 6meV in maximum, for a detuning of ∆ ≈ −70meV
at T = 10K. This is about one order of magnitude larger than that observed for GaAs-
and CdTe-based microresonators. The origin of the splitting was attributed to the TE-
TM splitting of the uncoupled cavity-photon mode dispersion. From the measured
photoluminescence spectra, the occupation and the scattering rate in the lower states of
the lower-polariton branch was deduced. This yields that the large TE-TM splitting of
the exciton-polaritonbranchhas a strong impact on the scattering rates. The scattering of
exciton-polaritons into the bottleneck region compared to the scattering into the ground
state, is much more pronounced for the p-polarisation than for the s-polarisation. By
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increasing the detuning to positive values, thedifference in the TE-TMsplitting vanishes
and the difference in the occupation and scattering rates vanishes, too.
From the measurements performed at different excitation densities, a slightly su-
perlinear enhancement of the ground state occupation was observed for 190K. At
T = 10K, the optimum detuning range was found to be |∆| < 20meV, as for larger
negative detunings, the strongly pronounced bottleneck prevents an efficient scattering
of the exciton-polaritons into the ground state. In contrast to that, for large positive
detunings, the potential trap for the exciton-polaritons provided by their dispersion
is too weak so that the exciton-polaritons can leave the ground state by their thermal
energy. By increasing the temperature, the scattering rate is enhanced. The value of the
optimum detuning, needed to reach a macroscopic occupation of exciton-polaritons at
the ground state, was found to decrease with increasing temperature.
Finally, the realisation of an exciton-polariton condensate in the microresonator WR
was demonstrated by using a pulsed laser as excitation source and a small focus. The
observed PL intensity as well as the broadening clearly show a threshold behaviour.
The threshold excitation density was found to increase with increasing temperature
and detuning to positive values. This supports the predictions, deduced from the
results obtained under cw-excitation, that large negative detunings are preferable for
the realisation of an exciton-polariton condensate at room temperature.
Outlook
Based on the results of this work, the following tasks should be considered for further
research.
For the precise description of the TE-TM splitting in ZnO-based microresonators
being in the strong coupling regime, the refractive indices n⊥ and n‖ in the near band
gap spectral range have to be determined. In contrast to n⊥ this is difficult for the
refractive index n‖ as discussed above. This problem could be solved by extracting
the refractive index n‖ from the dispersion of the p-polarised lower polariton branch
by using the presented approach and taking into account the coupling strength, layer
thickness, and energies of the uncoupled modes obtained from the analysis of the
s-polarised lower polariton branch.
As discussed, the spin polarisation of the exciton-polaritons is still of interest. In the
literature, the TE-TM splitting is often negligible and therefore, the spin-polarisation
of the exciton-polaritons, which are related to the circular polarisation of the light,
can be easily deduced from the polarisation of the detected light. However, the sit-
uation changes for a larger TE-TM splitting. Here, due to the finite lifetime of the
exciton-polaritons, the detected light is a superposition of the radiative decay from
exciton-polaritons of the s- and p-polarised branch. Therefore, the emitted light has to
be decomposed into the polarisation components of each polarised polariton branch.
Further, the large TE-TM splitting allows to investigate the presence of an interaction
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between exciton-polaritons of the s-polarised with the ones of the p-polarised branch,
and vice versa. For these measurements the presented setup (AROSE) should be ex-
tendedwith a compensator in order to determine the complete polarisation state (Stokes
vector) of the emitted photons. With help of an additional polarizer in the detection
path, it will be possible to adjust the polarisation of the laser beam. This allows to
manipulate the spin-dependent exciton-polariton scattering using resonant excitation.
For the determination of the scattering rates and the lifetime of the exciton-polaritons,
a streak camera has to be used as detector. This will be soon available in the laboratory
of the Universität Leipzig. These quantities are important for the understanding of
the observed formation of a exciton-polariton condensate. Additionally the structure
properties of themicroresonatorWR have to be determined, especially the grain bound-
aries by transmission electron microscopy (TEM) to gather information on the disorder
properties.
Beside the investigation andmanipulationof thepolarisationproperties of the exciton-
polaritons, the origin of the observed additional excitonic mode, which couples besides
the free excitons to the cavity-photon mode in one of the microresonators, is still of
interest. For this purpose, the cavity can be doped with aluminium atoms in order to
enhance the concentration of the D0X. This should lead to an enhancement of the cou-
pling strength if a coupling between the D0X and the cavity-photon mode is present.
In order to exclude a coupling between cavity-photons and surface-related excitons,
the design of the microresonator has to be changed, i.e. the neighbouring material of
the cavity should have a lower refractive index than the ZnO cavity. This will lead
to an antinode in the centre of the cavity. The determination of the lifetime of the
observed states by time resolved photoluminescence spectroscopy can provide useful
information about the type of the excitonic state. Furthermore, double-side polished
substrate should be used, so that beside the photoluminescence spectroscopy and re-
flectivity measurements, also the absorption spectrum can be determined. This should
give further insight into the coupling mechanism.
For the description of the exciton-polariton dispersion, especially for higher temper-
atures, the presented approach has to be extended by taking into account the inhomo-
geneous broadening of the corresponding uncoupled modes.
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